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ABSTRACT

Laukaitis, Hanna, J. Ph.D., University of South Alabama, August 2022. Infection and
Transmission Determinants of Flea-borne Rickettsioses. Chair of Committee: Kevin R.
Macaluso, Ph.D.
The genus Rickettsia is comprised of Gram-negative, obligate intracellular
bacteria that are spread by hematophagous arthropods. Elucidating the factors conferring
rickettsial virulence has perplexed investigators for decades, complicated by the lack of
efficient genetic tools necessary to uncover rickettsial- and vector-specific factors
contributing to persistence. The advent of transposon mutagenesis has enabled the field to
make vast developments in uncovering novel rickettsial mechanisms utilized in various
host backgrounds. Thus, the aim of this study was to generate Rickettsia felis transposon
mutants and characterize novel phenotypes associated with genetic disruption in an
arthropod background.
Distribution of rickettsiae is reliant on the geographic range of their transmitting
vector, which is ultimately influenced by a vast array of intrinsic and extrinsic factors,
such as microbial coinfections. Thus, the sympatric distribution of flea-borne rickettsiae
in endemic areas in the U.S. provides an opportunity to examine the effects of RickettsiaRickettsia interactions. Herein, the ability of naïve fleas to acquire R. felis and Rickettsia
typhi and sustain coinfection was examined.
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CHAPTER I
UNPACKING THE INTRICACIES OF RICKETTSIA-VECTOR INTERACTIONS

Although Rickettsia species are molecularly detected among a wide range of
arthropods, vector competence is an imperative aspect of the eco-epidemiology of these
vector-borne diseases. The synergy between vector homeostasis and rickettsial invasion,
replication, and release initiated within hours (insects) and days (ticks) permits successful
transmission of rickettsiae. Uncovering the molecular interplay between rickettsiae and
their vectors necessitates examining the multi-faceted nature of rickettsial virulence and
vector infection tolerance. Here, we highlight the biological differences between tick- and
insect-borne rickettsiae and the factors facilitating the incidence of rickettsioses.
Untangling the complex relationship between rickettsial genetics, vector biology, and
microbial interactions is crucial in understanding the intricate association between
rickettsiae and their vectors.

1.1 Rickettsial Diversity and Vector Transmission
With historical significance and recognized resurgence and emergence, vectorborne rickettsial diseases affecting human health are of critical importance worldwide. In
the United States, this growing trend is evident in a recent report of notifiable diseases
with cases of tick-borne spotted fever rickettsiosis increasing by 23% from 2016-2018 i
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and the recent re-emergence of flea-borne rickettsiosis within endemic areas in the United
States, including California and Texas [1]. Likewise, the reappearance of localized
outbreaks of louse-borne epidemic typhus repeatedly occurs in displaced populations
worldwide, where humans remain a natural reservoir host (see Appendix Glossary) [2].
Rickettsial diseases are caused by obligate intracellular bacteria transmitted by various
hematophagous arthropods, including ticks, fleas, lice, and mites (Figure 1. Box 1),
through infectious salivary secretions or feces. Thus, the determinants governing
rickettsial biology and ecology are inextricably linked with the distribution and behavior
of their corresponding vectors. Failure to understand the molecular factors fostering this
dynamic life cycle (traversing between vectors and vertebrate hosts) leaves a significant
gap in controlling the spread of these pathogens. Although specific virulence
determinants of Rickettsia (Rickettsiaceae: Rickettsiales: Alphaproteobacteria) remain
elusive, several elements have been proposed to play an essential role in infection of both
vector and vertebrate hosts, such as a reduction in genome size [3], expression of outer
membrane proteins involved in adhesion or invasion [4,5], metabolic reprogramming
[6,7], or rickettsial burden [8] (Figure 3). Understanding these factors is paramount, as
minute genetic differences can be attributed to significant alterations in virulence [5,9].
Fortunately, the diversity within the Rickettsia genus provides the opportunity to draw
comparisons between those species with known pathogenicity in vertebrate hosts and
those that play symbiotic roles within their vector hosts. Appreciation of the factors
contributing to vector competence, including the molecular basis of rickettsial virulence,
arthropod biology, vector-host interface, and microbial interactions, serve as the
foundation for examining the ecology of tick- and insect-borne rickettsioses.
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Mites are known vectors of clinically relevant human pathogens, such as
Rickettsia akari (Rickettsialpox) and Orientia tsutsugamushi (scrub typhus), formerly
referred to as Rickettsia tsutsugamushi. The house mouse (Liponyssoides sanguineus)
and chigger Thrombiculid mite (Leptotrombidium spp.) are principal vectors of R. akari
and O. tsutsugamushi, respectively. These mites have low host specificity but are
commonly found on small mammals where zoonotic spillover to humans occurs in the
absence of a preferred host [10]. Mites undergo a complicated life cycle with 4-7 stages,
including egg, 6-legged larval stages, and 8-legged nymphal and adult stages [11]. Like
tick-borne rickettsiae, R. akari undergoes both transovarial and transstadial
transmission, suggesting L. sanguieus can act as a biological reservoir for the pathogen
[12]. However, larval stages of Dermanyssid mites do not consume a blood meal; thus,
they do not contribute to horizontal transmission [13]. Conversely, Thrombiculid mites
do not partake in a blood meal but instead consume host lymphatic fluid and
decomposed tissues by partially digesting host tissues with salivary secretions [11].
Moreover, larval Thrombiculid mites (chiggers) are the only parasitic stage for
vertebrate hosts; thus, pathogen acquisition and horizontal transmission only occur at
this developmental phase. Vertical transmission of O. tsutsugamushi by chiggers can be
as high as 100%, with no adverse effects on vector viability or fecundity [11]. The
biological differences between mite species present a unique co-evolution between miteborne pathogens and their vectors to ensure successful maintenance in nature. With
limited understanding of mite-borne transmission of R. akari and the increasing
incidence of scrub typhus around the world [14], the opportunity to compare and
contrast the unique transmission biology can provide further insight into the
epidemiology of these mite-borne pathogens.
Figure 1. Box 1. Mite transmission.

The genus Rickettsia contains 31 recognized species ii and several candidate
species or uncharacterized strains with known variation in pathogenicity and arthropod
hosts, further complicating the eco-epidemiology of these emerging and re-emerging
diseases. One of the unique aspects of rickettsial biology is the variation in transmission
mechanisms. While several Rickettsia species are strictly maintained vertically within
arthropod populations, others exhibit mixed (horizontal and vertical) transmission. It is
appreciated that frequent horizontal (infectious) transmission favors virulent rickettsiae,
whereas vertical (inherited) transmission favors the evolution of benign and mutualistic
associations [15]. For example, some virulent Rickettsia spp. are detrimental to vector
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fitness or fecundity, contributing to their reduced prevalence rates among arthropod
populations and reliance on horizontal transmission events to persist in nature [16-18]
(Box 2). In contrast, rickettsial endosymbionts tend to have high prevalence rates in
vector populations due to their symbiotic relationships. Surveillance data implicates
rickettsial endosymbionts as major contributors to tick microbiomes, suggesting a role for
nutritional symbiosis [19-21]. Moreover, recent reports have incriminated what were
considered rickettsial endosymbionts as potential or known causes of human disease [2224] clouding the distinction between rickettsial endosymbionts and pathogens.
The complexity of rickettsiae-vector interrelationships is further perpetuated by
intra-specific variation of geographically distinct rickettsial strains in both vertebrate and
vector hosts [17,25-28]. For example, R. felis genetic variants are both spatially and
biologically distinct, with one an obligate symbiont of the parthenogenic booklouse and
others transmitted by cat fleas [29]. Cat fleas can acquire and horizontally transmit either
genotype, regardless of host derivation, illustrating the non-exclusive nature of cat fleas
to transmit multiple rickettsial genotypes [30]. In contrast, Amblyomma maculatum ticks
appear to be more susceptible to spotted fever group (SFG) rickettsiae infection and
vertical transmission than Dermacentor variabilis ticks during experimental exposure
[31]. Therefore, it is likely that individual rickettsial species can infect many arthropods,
with successful biological transmission being dependent on undefined rickettsiae- and
vector-specific factors.

4

The worldwide presence of rickettsiae mirrors genotypic differences among
Rickettsia species from different vectors, vertebrate hosts, and geographic regions
[17,25,32,33]. With the known lethal effects of Rickettsia prowazekii on louse viability,
tick fitness has also been examined in relation to pathogenic tick-borne rickettsiae.
Historically understood, Rickettsia rickettsii maintains low vertical transmission
efficiency within ticks, which is correlated to the virulence of the strain used under
laboratory conditions [34,35]. It is thought that the inefficiency of R. rickettsii to be
vertically maintained is due to the inability of the pathogen to sufficiently colonize the
ovaries of adult female ticks [34]. More recent experimental infections of Amblyomma
tick spp. with globally dispersed R. rickettsii isolates depict a unique, complicated
relationship between rickettsiae and vector competence [35,36]. Ticks infected with R.
rickettsii isolates circulating within the same natural geographical range have enhanced
acquisition and transmission when compared to those ticks infected with an isolate
circulating outside their natural range. Yet, a reduction in fecundity was observed,
regardless of sympatric relationships. Additionally, Rickettsia conorii infection of its
natural tick vector, Rhipicephalus sanguineus, also proves to be detrimental to tick
viability. Although R. conorii strain Malish 7 is of African origin, it is detrimental to
tick fitness for both North American and Mediterranean R. sanguineus ticks compared
to that of a Mediterranean isolate [17]. The adverse effects of R. conorii strain infection
on tick survival presents a contrasting scenario whereby these two R. conorii strains
may utilize alternative routes of transmission to maintain infections in nature as
opposed to a relationship governed by geographic overlap as observed for R. rickettsii.
Due to some rickettsial pathogens causing adverse effects on their tick hosts, the
necessity of horizontal transmission events and essential amplifying vertebrate hosts is
central to the maintenance of virulent Rickettsia species in nature. A thorough
understanding of the impact of rickettsial infection on tick vector fitness is required,
especially when considering the recent introduction of new tick species and the
emergence of rickettsial infections in many parts of the world. Of interest is the capacity
of an invasive tick in the United States, Haemaphysalis longicornis, to transmit
rickettsiae. Both vertical and horizontal transmission of R. rickettsii can occur under
laboratory conditions, but its role in the epidemiology of tick-borne rickettsioses
remains to be elucidated [37].
Figure 2. Box 2. Rickettsial pathogenicity and vector competence.
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Figure 3. Attributes of rickettsiae guiding the interaction within arthropod vectors.
Upon early infection within their vector hosts, rickettsiae must modulate the arthropod
immune response to facilitate survival, cellular invasion, and replication. Due to their
intracellular lifestyle, all rickettsiae must sequester host metabolites to ensure replication.
Distinguishing factors proposed that enhance virulence among rickettsial species include
genome reduction or gene regulation [3]; the expression of Omps involved in adhesion,
invasion, or motility [4,5]; metabolic reprogramming [6,7]; and increased bacterial loads
within vector tissues, such as salivary glands [8]. Red depicts factors indicative of
pathogens, and green represents attributes of endosymbionts. Pathogenic Rickettsia spp.
tend to favor horizontal transmission due to potential detrimental effects on fecundity or
fitness of their arthropod hosts; therefore, decreasing the efficiency of vertical
transmission [16,17]. However, increasing reports have incriminated rickettsial
endosymbionts as causes of disease in vertebrates inferring their ability also to be
horizontally transmitted [24]. A defining characteristic of endosymbionts is their highefficiency rates of vertical transmission within vector populations [16], which is
facilitated by their ability to provide nutritional symbiosis to their vector hosts [9].
Additionally, restrictions such as truncated Omps are thought to play a role in tissue
dissemination, limiting rickettsial spread to salivary glands [4]. Confounding the
virulence spectrum is the presence of plasmids among Rickettsia species, while common
among most rickettsial endosymbionts, species known to be pathogenic to humans also
possess these genetic elements [3,38]. Thus, their function remains unknown.
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1.2 The Biology of Rickettsial Infection in Arthropods
Rickettsiae can be acquired through feeding on a bacteremic host. Alternative
acquisition routes have also been described, including co-feeding with an infected
arthropod on a non-rickettsemic host or transovarial transmission. Due to the host cell
requirement for rickettsiae to replicate, a critical initial step in rickettsial pathogenesis is
the bacterial recognition of and attachment to target cells. Nevertheless, the study of
Rickettsiology has been hampered by the lack of genetic tools to interrogate virulence
determinants. While pioneering studies have laid the groundwork [39], only more
recently has the process been streamlined to generate both random and site-directed
genetic mutants [40-42]. The availability of these mutants has ushered in a new
appreciation of the biology of rickettsiae in vertebrate hosts, capitalizing on several in
vitro and in vivo models of infection and disease [41,43]. Although our understanding of
rickettsial infection in vertebrate cells is accumulating [44], the molecular requirement
for rickettsiae to infect and disseminate through arthropods is generally lacking. Factors
essential for typical rickettsial infection in vertebrate host cells [45] have been shown to
play confounding roles within the vector. Some tick-borne rickettsiae utilize host-derived
molecules to assemble actin tails facilitating movement to propel themselves from one
cell to the next. Although ticks contain the host cell machinery to promote rickettsialinduced actin-based motility (ABM), the process is not essential for disseminated tick
infections and may even counter persistence within tick ovaries [46].
The ability of rickettsiae to invade, replicate, and disseminate within vector hosts
is inherently coupled with the physiology of arthropod blood-feeding and digestion.
Insects, such as fleas and lice, partake in frequent, intermittent blood meals, owing to
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rapid blood meal digestion [47]. In contrast, ixodid ticks engorge themselves during one
prolonged feeding event at each hematophagous life stage. The distinct feeding habits of
these arthropods contribute to variation at the vector-pathogen interface. Specifically, in
the arthropod midgut, rickettsiae are exposed to a milieu of molecules, ranging from
antimicrobial peptides (AMPs) and reactive oxygen species (ROS) to nutrients. While
blood provides the arthropod with protein-rich metabolites necessary for development
and egg production, the process of breaking down hemoglobin releases dangerous AMPs
and toxic heme into the midgut lumen, where newly acquired rickettsiae can be targeted
[48]. For arthropods, the release of toxins during blood meal digestion can be quite
dangerous. Therefore, several species form a peritrophic matrix (PM) around the blood
meal to shield the midgut epithelial cells from ingested microbes or digested particles
[49,50]. However, this protective sheath appears to be absent in fleas and lice [51] and
several tick species, except Ixodes and some Haemaphysalis spp. [50]. The facilitative or
refractory role of the PM during rickettsial infection remains undefined. Unique to ticks,
sequestering of toxic heme occurs by digesting hemoglobin within hemosomes, thereby
inadvertently harboring rickettsiae from some of these lytic compounds. However,
mechanisms of survival by rickettsiae within the midgut microenvironment remain
unknown.
Rickettsiae must evade arthropod defense mechanisms at the site of ingestion
(midgut), route of travel (hemolymph), and proximal tissues (e.g., salivary glands, ovary)
to achieve disseminated infection and subsequent transmission to a new host.
Hematophagous arthropods mount innate defenses in response to blood-feeding and
microbial insult via two major components: cellular defenses (hemocytes) and humoral
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responses (secretion of AMPs). A major contribution of AMPs occurs in the hemolymph
where, interestingly, rickettsiae have been observed within 12 hours of exposure [46].
However, further investigation is needed to understand the physical state and active
mechanisms utilized by rickettsiae during arthropod infection. While several mechanisms
of innate immunity in arthropod vectors have been identified [52], their exact role during
species-specific infection remains unknown. Differential activity of AMPs, when
exposed to pathogens versus endosymbionts, presents a specific recognition in the tick
background [53,54]. Still undetermined is the specificity of rickettsiae-vector
relationships guiding the balance between inhibiting infection and widespread
dissemination in the vector. However, recently compiled arthropod genomes have armed
the field with the capacity to utilize techniques, such as RNA interference (RNAi) and
CRISPR-Cas9, in arthropods to enhance our understanding of factors driving vector
competence [52,55].

1.3 Tick-borne Rickettsiae
Classification of the Rickettsia genus is based on genetic and biological
characteristics [38]. Tick-borne, SFG rickettsiae consist of species ranging from those
that cause severe and often fatal human diseases, such as Rocky Mountain spotted fever,
to strict tick endosymbionts. To ensure persistence within tick populations, tick-borne
rickettsiae rely on both transovarial and transstadial transmission. If imbibed in a blood
meal, it is presumed that rickettsiae traverse through the midgut epithelium into the
hemocoel and subsequently infect other tissues, such as the ovary or salivary glands
(Figure 4). Infection via cells lining the tracheal system has also been proposed for
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rickettsial dissemination in ticks, as viruses in other arthropods readily utilize this
mechanism. The tracheal system remains relatively intact during the molting periods, in
contrast to the salivary glands, which undergo significant developmental changes [56].
The precise mechanisms by which tick-borne rickettsiae achieve multi-tissue infections
require further examination.
As rickettsiae enter the tick midgut lumen during blood meal acquisition,
microbial proliferation is favorable [50,57]. Therefore, ticks must develop strong immune
defenses to protect themselves against the invasion of pathogens, such as the secretion of
AMPs by the epithelial cells via stimulation of the immune deficiency (IMD) or Toll
pathway [58-61]. Specifically, a Kunitz protease inhibitor directly interacts with
rickettsiae in the midgut lumen before the invasion of epithelial cells [62]. Experimental
exposure of Amblyomma ticks to R. rickettsii infection induces midgut differential
expression of genes involved in metabolism, protein modification, and secreted proteins
compared to uninfected controls [58]. Intriguingly, these transcripts are also differentially
expressed between two R. rickettsii-infected Amblyomma tick species, potentially
contributing to their differences in vector competence. The differential modulation of the
tick immune system by rickettsiae is under investigation, providing additional insight on
the factors influencing vector competence between arthropod species.
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Figure 4. Transmission mechanisms of rickettsiae. After arthropods imbibe an infectious
bloodmeal, rickettsiae encounter the MG of ticks, lice, or fleas where recognition causes
the secretion of various soluble effectors, such as AMPs (a, g), ROS (a, d, g), serine
proteases (g), and serpins (g). As rickettsiae attach to unknown receptors on MG
epithelial cells, interactions with resident endosymbionts occur, yet the consequences are
not known (a, d, h). The rapid digestion of host cells in insect vectors such as lice and
fleas prompt efficient attachment to MG epithelial cells and internalization of rickettsiae
to avoid destruction by proteolytic compounds (d, g). For tick-borne rickettsiae, it is
presumed that rickettsiae are internalized by receptor-mediated endocytosis of MG
epithelial cells initiated by the digestive process of Hb (b). Tick-borne rickettsiae spread
cell-to-cell, ultimately traversing to the H, where they gain access to both the SG and OV
for transmission (c). As insect-borne rickettsiae replicate, host cell lysis occurs, releasing
rickettsiae back into the MG lumen enabling transmission to vertebrate hosts through the
inoculation of infectious feces in abrasions of the skin (e, i). Although increased MG
epithelial permeability causes mortality of lice vectors (f), flea-borne rickettsiae can
navigate to the H, disseminating to SG and OV for transmission (i). Green arrows
(arthropod) and orange arrows (vertebrate) represent transmission.
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Adult ticks acquire a blood meal over a prolonged period (7-10 days) where
digestion begins slowly (3-6 days after the initiation of feeding) and may last several
months [50]. Hemosomes limit exposure to deleterious enzymes apart from hemocidins
and ROS, which are still released into the midgut lumen [50,58]. While ROS possesses
anti-microbial properties, it also promotes apoptosis of tick cells [63]. Therefore, ticks
reduce oxidative stress by isolating heme and producing antioxidant enzymes and several
selenoproteins. Antioxidant enzymes are differentially expressed during different bloodfeeding stages, tissues, and when exposed to various Rickettsia species, facilitating
vertical transmission or tick colonization [58,64]. To escape ROS damage, rickettsiae are
thought to exploit the engulfment of hemoglobin by epithelial cells as a mechanism of
entry [65]. Moreover, hemosomes are slow to fuse with the lysosome, thus allowing
ample time for rickettsiae to escape from the endosome and begin replication within the
cytoplasm [57,65]. Manipulating the balance between activation of an innate defense
system during blood meal acquisition and mitigating microbial infections provides new
opportunities to control tick-borne rickettsial pathogens.
Once tick-borne rickettsiae traverse the midgut cells and enter the hemocoel, they
must cope with several adverse physiological mechanisms to survive. Hemocytes utilize
lectin-mediated recognition of pathogen-associated molecular patterns produced by
microbes to trigger the release of AMPs, recruit additional phagocytic cells, and directly
phagocytize invading microbes. AMPs, such as serine proteases, present in small
cytoplasmic granules of some hemocytes can facilitate the degradation and destruction of
pathogens incorporated by cells or free in the hemolymph [50,61]. The presence of
rickettsiae in tick hemolymph [46,56,66] suggests that the bacteria have developed
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countermeasures to the basic tick anti-microbial response, yet the evasion mechanisms of
rickettsiae remain uncharacterized.
Upon dissemination to the salivary glands, rickettsiae must evade salivary gland
secreted factors, such as AMPs, proteases, ML-domain proteins, histidine-rich proteins,
and peptidoglycan recognition proteins (PGRP) [59,67]. The kinetics of rickettsial
salivary gland colonization leading to successful transmission, explicitly examining the
specific rickettsiae- and tick-dependent mechanisms, require further elucidation.
Currently, the assignment of rickettsial virulence in laboratory settings is based on in
vitro assays or needle inoculated animals. Recognizing that in nature, ticks deliver
rickettsiae to vertebrate hosts in a protein-rich saliva vehicle, uncoupling the vector from
the inoculation event fails to capture the transition of rickettsiae at the tick-host interface.
Saliva-assisted transmission is thought to occur via the secretion of pharmacologically
active molecules produced by the tick and has been studied in tick-borne pathogen
transmission models [68,69] (Figure 5 Box 3). The extent to which rickettsiae manipulate
the production of tick-derived factors essential for successful feeding and subsequent
transmission to a vertebrate host needs to be examined.
It was traditionally appreciated that rickettsial endosymbionts were restricted to
tick reproductive tissues due to the lack of functional genes found in virulent rickettsiae
[4,70]. The recent identification of rickettsial endosymbionts in tick salivary glands
suggests transmission potential [8,56,71,72]. Interestingly, while both pathogenic and
endosymbiont tick-borne rickettsiae disseminate to the salivary glands of infected ticks
and are horizontally transmitted, pathogenic rickettsiae are detected earlier at higher loads
in vertebrate hosts. It is proposed that the increased virulence of rickettsiae perpetuated a
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higher rickettsial burden within the tick, contributing to disease [8]. Understanding the
Rickettsia species-specific influence associated with the physiological changes in infected
salivary glands could provide potential targets in limiting transmission to vertebrate
hosts.
Necessary for vertical maintenance of rickettsiae, the mechanisms of ovarian
infection have not been fully elucidated. It is thought that oocytes engulf rickettsiae
during an active process of endocytosis induced by the uptake of vitellogenin transported
through the hemocoel [57]. The expression of several AMPs and other proteins involved
in metabolism and oxidative stress are upregulated in tick ovaries in response to
rickettsial infection [73,74]. Yet, bacteria-specific receptors and other biological variables
that govern the tick/rickettsiae infection process are undefined.
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Tick saliva not only provides a matrix for pathogen transmission but also is
comprised of an assortment of molecules regulating the host immune response that
facilitates blood meal acquisition. At the cutaneous interface, saliva-assisted
transmission (SAT) has been documented for several human pathogens in ixodid ticks,
such as Borrelia species, Arboviruses, Anaplasma phagocytophilum, and Bartonella
henselae [68]. The role of Ixodes tick SAT of Borrelia burgdorferi sensu lato (s.l.) is
well known. Specifically, the salivary gland protein Salp15 is one of the first and wellcharacterized moderators of SAT in ticks. By directly binding to the outer surface
protein OspC, Salp15 protects B. burgdorferi s.l. from antibody- and complementmediating killing at the site of tick-feeding. Confirmed by RNAi silencing and mouse
immunizations with Salp15, this lipoprotein plays a pivotal role in the transmission of
Borrelia to a vertebrate host. Other molecules implicated as facilitators of SAT in
Ixodes ticks include Salp20, Salp25D, tick salivary lectin pathway inhibitor, Saliostatin
L2, tick histamine release factor, and B cell inhibitory protein all functioning as
mediators of host immunological responses to protect pathogen disposition [68,69].
Collectively, Sialostatin L2 interferes with mouse dendritic cell responses during tickborne encephalitis virus and Borrelia infection while inhibiting inflammasome
formation in mice during A. phagocytophilum infection portraying a multi-functional
role of tick salivary antigens. Interestingly, SAT by Ixodes ricinus ticks of a common
flea-borne pathogen, B. henselae, implicates an interaction with a serine protease
inhibitor (IrSPI), but its precise mechanism is undefined. While tick-borne rickettsiae
are known to influence salivary gland biology [67,75] the specific interactions remain
elusive.
Figure 5. Box 3. Tick salivary secretions facilitate pathogen transmission.

With three post-embryonic (subadult and adult) life cycle stages requiring a blood
meal for ixodid ticks, microbial management of resources is necessary as the vector
undergoes physiological and metabolic changes during this quiescent period between
feeding events [50]. For tick-borne rickettsiae, this period of inactivity requires long-term
storage of metabolites and escape from the tick's protective immune response. As a tick
initiates feeding on a new host, changes in temperature and physiology were once
considered requirements to confer rickettsial infectivity [76,77]. Challenging this
historical understanding, it appears that tick-borne rickettsiae reside within the salivary
duct lumen and are primed for entry into the host within 30 minutes post-attachment
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[66,78]. Fully plotting the acquisition, dissemination, and survival strategies of rickettsiae
in ticks during horizontal and vertical transmission events is warranted. Providing details
on the physiology and metabolic activity of rickettsiae as they alternate between vector
and vertebrate hosts will offer insight into preferred target cells and tissues utilized
during vector infection.

1.4 Insect-borne Rickettsiae
Another group of Rickettsia species, the typhus group (TG), includes pathogenic
R. typhi and R. prowazekii, associated with fleas and lice, respectively. Possessing shared
genetic characteristics between SFG and TG while maintaining distinguishable biological
features, the transitional group (TRG) has been more recently classified [38]. The TRG
contains species with varying pathogenicity, such as R. felis, that are associated with
diverse arthropod hosts (e.g., fleas, lice, mites, and ticks). The versatile transmission
routes of insect-borne rickettsiae include vertical and horizontal (salivary secretions and
infectious feces). After ingestion through an infectious blood meal, rickettsiae invade the
midgut epithelium, replicate, and are subsequently released back into the midgut lumen,
where they are excreted in fecal matter (Figure 4). Insect-borne rickettsiae do not employ
ABM to spread from cell-to-cell and instead are expelled back into the extracellular space
through direct host cell lysis [47]. Constant peristalsis of the midgut enables prompt
excretion through fecal matter where rickettsiae can remain infectious for several months
[79]. Although long recognized as an avenue of transmission, the biological attributes of
rickettsiae released at the time of defecation are unknown and require further attention to
fully understand this route of exposure to a vertebrate host.
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Rickettsial infection can have an adverse fitness effect on the vector. In the louse,
R. prowazekii causes mortality six days following an infectious blood meal [18]. Rapid
midgut cell lysis increases epithelium permeability, triggering midgut lumen contents to
leak into the hemocoel (Figure 4). The louse becomes red due to the leakage of blood into
its translucent body cavity. Humans become infected by scratching viable rickettsiae
from infected lice feces or crushed louse bodies into the insect bite site or host mucosal
membranes [2,80]. Due to the detrimental effect on louse viability, it is appreciated that
R. prowazekii is not vertically maintained and requires a vertebrate reservoir for
transmission in nature [2].
In contrast to R. prowazekii in lice, flea-borne rickettsiae do not influence flea
fitness. R. felis can be maintained vertically in flea populations for up to 12 generations
without an additional infectious blood source [81]. Although vertical transmission of fleaborne rickettsiae [81,82] is highly variable in laboratory flea cohorts [83], constitutively
infected flea colonies have been established from wild flea populations indicating vertical
transmission occurs in nature. Both R. felis and R. typhi have been detected in various
flea tissues (e.g., hemocoel, ovaries, salivary glands, hindgut, fat body), and the necessity
of disseminated infections in the transmission of flea-borne rickettsiae is under
investigation.
Fleas and lice consume frequent blood meals daily with rapid turnover (within the
first 6 hours of feeding) of midgut contents, creating a hostile environment for microbes
[51]. Specifically, fleas are armed with a proventriculus at the foregut entrance to
physically disrupt host cells at the onset of feeding. Insect digestive enzymes are free
within the midgut lumen, producing hazardous by-products unfavorable for ingested
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rickettsiae [84]. Induced by blood-feeding alone, increased transcription of serine
proteases, such as trypsin and chymotrypsin, serine protease inhibitors, PGRP, and
defensin, occurs [85]. This not only provides critical digestive enzymes but also presents
an early defense mechanism against invading pathogens. Thus, rickettsiae imbibed during
a blood meal must invade the midgut epithelium quickly; however, specific
adhesion/invasion receptors in the insect vector remain to be identified. During
experimental R. typhi infection of cat fleas, trypsin- and chymotrypsin-like molecules and
putative GTPases, such as C. felis signal recognition particle and rab5, display
differential regulation in the midgut compared to that of blood-feeding alone [86].
Although the anti-microbial response to insect-borne rickettsiae is limited, RNAi
knockdown of IMD transcripts in the midguts of cat fleas enhanced R. typhi burden [87].
Interestingly, defensins (secreted AMPs) are not upregulated in the cat flea midgut in
response to R. typhi infection [86] but are upregulated during rickettsial infection in the
midgut of ticks [58,74]. Alternatively, body lice have a simplified immune system that
lacks a functional IMD recognition pathway, subsequently increasing their susceptibility
to infection [88]. The distinct expression patterns observed in insects compared to that in
ticks during rickettsial challenge provide an exciting platform to analyze differences in
the ability of insect- and tick-borne rickettsiae to modulate their vectors.
Although the midgut remains the focal site of rickettsial colonization for flea and
louse infections, the hemocoel is thought to be the route utilized by flea-borne rickettsiae
to achieve multi-tissue infection. Similar to tick-borne rickettsiae [56], R. felis has been
observed in the cat flea tracheal system, providing an alternative route of dissemination
within the insect vector [89]. While the exact role of hemocytes during flea infection is
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less understood, the process of melanization has been proposed, as lectin-like molecules
have been described during transcriptomic analyses [90]. Due to efficient fecal
transmission, limited attention has been given to the transmission of insect-borne
rickettsiae through salivary secretions. However, a sialotranscriptome of the cat flea
revealed several flea molecules that may be influenced by rickettsial infection, including
AMPs and targets of the Toll or IMD pathways [91]. Furthermore, the synergistic or
regulatory activities of flea salivary gland secreted molecules during rickettsial infection
and transmission to vertebrate hosts are in the early stages of characterization [92]. With
both R. typhi and R. felis detected within salivary glands of infected fleas, further
investigation is warranted to determine the impact of flea saliva on transmission.

1.5 Microbial Interactions and Vector Biology
In addition to vectors' chitinous exoskeleton, resident microflora can also defend
against invading microorganisms. The role of endosymbionts in the transmission of
vector-borne pathogens has gained increased attention due to their ability to alter an
arthropod's vectorial capacity [52,55,93]. The influence of the microbiome in altering
rickettsial vector immunity and metabolism is being assessed [64]. For example, tick
endosymbionts in the genera Coxiella, Rickettsia, and Francisella, which are the most
abundant microbes detected in tick populations [20,21], provide nutrients deficient in the
blood meal [94,95]. Although not experimentally tested, the rickettsial endosymbiont
plasmid (pREIS2) encodes for a biotin operon, which has been identified in wolbachiae
mutualists, suggesting nutritional symbiosis [19]. In return, ticks have co-evolved
measures to preserve the integrity of their microbiota, such as modulating the production
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of antioxidant molecules [64]. The intricate role of endosymbiont bacteria in maintaining
tick homeostasis and their potential influence on vector competence requires further
analysis.
Fleas supplement microbial diversity via active larval feeding on environmental
debris. The strict hematophagous diet of adults lacks essential vitamins or cofactors
necessary for proper development and requires endosymbiotic bacteria, including
Wolbachia spp. [96]. Like the common louse endosymbiont (Candidatus Riesia),
wolbachiae are known to provide essential biosynthetic pathways lacking in the blood
meal, such as B vitamins, to its insect host [97,98]. Furthermore, Wolbachia spp.
manipulate insect reproductive fitness, potentially influencing disease ecology [93,98].
While the interaction between competitive, vertically transmitted wolbachiae and
rickettsiae has recently been examined in parasitoid wasps [99], the interaction remains
understudied in fleas. Infection with R. felis has shown to decrease cat flea microbial
richness [100], emphasizing the potential impact of vertically maintained rickettsiae on
the robustness of the flea microbiota. Exploiting the microbiome contribution to vector
competence may serve as a new approach to control vector-borne rickettsial diseases.
Further obscuring the current epidemiology of rickettsioses is the presence of
multiple rickettsial species/strains in sympatric geographic areas [101,102]. As
arthropods consume multiple blood meals, there is an increased potential to acquire more
than one organism, which influences the transmission biology of pathogens. For example,
co-infections with rickettsiae can alter vertical transmission in ticks [103,104].
Furthermore, Rickettsia amblyommatis (once considered a strict endosymbiont)
undergoes disseminated infection in Amblyomma ticks [16] and is transmissible through a

21

tick bite to vertebrate hosts [16,101]. During dual infections, R. amblyommatis,
provisionally designated as "Rickettsia amblyommii" [105], influences vector competence
for both Rickettsia parkeri [72] and R. rickettsii [101]; however, the significance of this
relationship must be further explored to determine the eco-epidemiological impact in
nature. Comparable to tick-borne epidemiology, the recent discovery of R. felis genotypic
variants, collectively referred to as R. felis-like organisms (RFLOs), in various arthropods
throughout the world has complicated the understanding of flea-borne rickettsioses [102].
Although once presumed as strict endosymbionts, RFLOs have been molecularly
detected among vertebrate hosts [106]. Furthermore, cat fleas constitutively infected with
R. felis experimentally acquired R. typhi at a lower frequency after subsequent exposure
compared to uninfected cat fleas [107]. Mechanisms such as cellular changes within
oocytes, priming of the vector immune response, or defensive symbiosis have been
proposed as components that may alter vector susceptibility to superinfections [104]. The
components governing rickettsial co-infections and the effect on bacterial acquisition,
maintenance, and transmission remain undefined.

1.6 Concluding Remarks
The diversity of Rickettsia genomes and transmitting vectors provide a rich
substrate to interrogate host-pathogen interactions. Untangling the complex events in
which rickettsiae can adapt to the dynamic shift between vector and vertebrate hosts will
enable a better understanding of the molecular drivers associated with transmission.
Limiting rickettsial disease management is the scant knowledge of the molecular and
biological factors conveying rickettsial virulence and the vector-derived determinants of
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transmission. The unique feeding behaviors of pan-Arthropoda vectors of rickettsiae
require a detailed examination of biologically relevant transmission models. Ticks are
responsive to rickettsial infection and the extent to which Rickettsia spp. manipulate the
vector for successful transmission needs to be identified. Providing multiple routes of
transmission, insect vectors offer a unique opportunity to examine rickettsiae in different
physiological states. Central to all arthropod vectors of rickettsiae is the underlying
microbial influence on rickettsial transmission. Thus, by combining rickettsial genomics,
studies of vector ecology and biology, and biologically relevant transmission models,
molecular determinants facilitating transmission of obligate intracellular pathogens will
be elucidated.
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CHAPTER II
RICKETTSIAL GENETICS

Historically, genetic manipulation of bacterial species belonging to the
Rickettsiales order has been hampered by the lack of efficient genetic tools needed to
proficiently transform these obligate, intracellular organisms [39]. Thus, leaving much
unknown of the underpinnings associated with rickettsial biology, such as host-pathogen
interactions and factors governing arthropod transmission. Early attempts at targeted
mutagenesis failed to provide high throughput transformations due to the poor efficiency
of transformation in rickettsiae (reviewed in [39]). Not until 1998 was the first successful
transformation of rickettsiae documented [108], which sparked the use of transposon
mutagenesis to delve into the elusive nature of rickettsial-specific factors associated with
infection. Although comparatively behind the genetic manipulation of other bacterial
species, the field of rickettsial genetics has vastly expanded in the past two decades.
Several forward genetic screens have provided the field with novel insight into the
mechanisms associated with the complex and intangible nature of rickettsial biology.

2.1 Himar1 Transposase
Transposon mutagenesis has provided the rickettsial field with a mechanism of
producing several stable mutants from one single transformation event. Since its first use
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in 2007 [42], this method has been widely adopted and optimized for rickettsiae,
including the reported ability to generate over 100 genetic transformants portraying an
altered plaque phenotype during in vitro infection [41]. With insertions in suspected
virulence determinants, the field has begun to analyze specific functions associated with
rickettsial genes. To develop mutants, the mariner-based transposon system, Himar1, has
been widely adopted among Rickettsiales [40,41,45,46,109-116] (Figure 6). The Himar1
is a non-replicative class II DNA transposon belonging to the Tc1/mariner family, which
do not require host-specific factors. Thus, can be used as a generalized genetic tool for
both eukaryotic and prokaryotic systems [114,117]. Moreover, the Himar1 does not have
DNA target specificity, allowing random insertion to occur at any TA dinucleotide site.
The A+T-rich genome of Rickettsia provides an ideal substrate for the Himar1 system.
Using this transposase system, mutants containing insertions within immunodominant
outer membrane proteins (Omps) have been developed and novel roles for rickettsialspecific factors are being elucidated.
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A.

B.

Figure 6. Maps of transposase systems broadly utilized in Rickettsiales. A) Plasmid map
of the pMW1650 plasmid with the Himar1 transposase where transformants convey
Rifampin resistance and possess a GFP fluorescent protein. B) pCis A7 lox plasmid map
with the Himar1 transposase showing insertion of an mcherry fluorescence protein and
spectinomycin/streptomycin resistance cassette. pMW1650 plasmid map courtesy of Dr.
Raphael R. Wood and pCis A7 lox plasmid map kindly provided by Dr. Uli G.
Munderloh.
2.2 Surface cell antigens
The surface cell antigens (Scas) are a major class of Omps implicated in early
(e.g., recognition of and attachment to host cells) and later stages of infection (e.g., cellto-cell spread) (reviewed in [118-120]). Through bioinformatic analyses, there has been a
total of 17 described Scas, with a core 5 encoded in most annotated rickettsial genomes
[119,121]) (Figure 7). While many of these scas are fragmented or thought to be
pseudogenes [119], their specific contributions to infection remain undefined. Despite the
reductive nature of rickettsial genomes, evolutionarily the scas have undergone positive
selection, suggesting a vital role during rickettsial infection [121].
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Figure 7. Representation of conserved Scas within the Rickettsia genus. Bioinformatical
assessment of the presence of full length, truncated, absent, or pseudogenes of the 5 most
prevalent scas within representative rickettsial species from the ancestral; AG (grey),
transitional; TRG (blue), typhus; TG (green), and spotted fever; SFG Rickettsia (orange).
The top panel highlights the known functions of certain Scas where redundant roles
facilitating attachment to, or invasion of host cells exist.

2.3 Type V Secretion Systems
For Gram-negative bacteria, surface-expressed proteins must be translocated
across the inner membrane (IM) to the periplasm (PP) or outer membrane (OM). The
Scas are mediated by a sec-dependent type V secretion system (T5SS) to reach the
surface of rickettsiae [118]. T5SSs are identified as autotransporters, which are defined
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by the presence of (1) an N-terminal signal sequence; (2) a central passenger domain; (3)
a C-terminal domain β-peptide domain. To achieve implantation in the OM, the Scas are
transferred by the Sec translocon, which consists of cytosolic and IM proteins [122]. Sca
proteins exiting the ribosome are recognized by the signal sequence. Post-translation, a
chaperone initiates entry into the cytosolic side of the Sec translocon. As the Scas are
threaded through, the signal peptide is cleaved by signal peptidases in the PP. Chaperones
target the remaining Sca to the β-barrel Assembly Machinery (BAM) complex within the
OM. The β-peptide undergoes a confirmational change, which forms a transmembrane
pore, initiating translocation of the passenger domain through to the extracellular milieu.
The passenger domain can either remain anchored to the rickettsial cell or be cleaved and
released. Several Scas have been identified to be anchored to the surface of rickettsiae
[40,45,123] and an increased understanding of Sca-specific roles during infection are
being studied.

2.3.1 Surface cell antigen-0
Sca0, also commonly referred to as OmpA, is found in all SFG Rickettsia but
lacking in TG Rickettsia [9]. A mutation in ompA, resulting in deficient protein
expression in an avirulent strain of R. rickettsii, suggested a role as a potential virulence
factor [5]. Using a heterologous expression system in Escherichia coli, OmpA mediated
cellular invasion by SFG Rickettsia through binding to ɑ2β1integrin on the surface of
vertebrate cells [124] (Figure 8). The ɑ2β1integrin is expressed on various cell types,
such as epithelial and endothelial cells, which are known target cells of rickettsiae.
During infection, R. conorii recruits ɑ2β1integrin to the site of entry to induce caveolin-
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and clathrin-dependent endocytosis. While implicated in both adhesion and invasion of
host cells [124,125], OmpA, also comprises a portion of the surface- (S) layer
surrounding rickettsiae [126], which is thought to be a virulence mechanism adopted for
survival within host cells. However, targeted knockout of R. rickettsii OmpA using a
group II intron system did not alter virulence during challenge in a guinea pig model
[127], highlighting the need for generating genetic mutants to begin to discern the
specific role of Scas during infection.
2.3.2 Surface cell antigen-1
Sca1 is annotated in all validated Rickettsia spp. [121]. Using immunofluorescent
microscopy, Sca1 was shown to be anchored on the surface of R. conorii [123].
Expression of the passenger domain of Sca1 mediated attachment to a non-phagocytic
mammalian cell, but was independent of invasion [123] (Figure 8). Importantly, Sca1
antibody pretreatment did not entirely ablate the ability of R. conorii to attach to host
cells. The findings highlight the redundant nature of rickettsial genomes, where
compensatory actions are likely to occur between Scas or other rickettsial factors
mediating similar function. Moreover, during R. typhi infection, Sca1 was shown to be
expressed during infection of rodent spleens [128]. However, the mechanistic function of
Sca1 during vector infection remains undetermined.
2.3.3 Surface cell antigen-2
Initial studies with rSca2 passenger domain described a role for the molecule
during attachment and invasion of mammalian epithelial and endothelial cells during in
vitro culture [129] (Figure 8). Microscopy revealed Sca2 expression on the surface of
SFG Rickettsia and the recombinant passenger domain of R. parkeri Sca2 was shown to
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bind and elongate host actin filaments by mimicking host formins [45,130]. With the
generation of R. parkeri transposon mutants, a temporal assessment of Sca2 function was
examined [45,131]. Using several microscopy metrics to compare R. parkeri sca2::tn to
R. parkeri WT strain, Sca2 induced ABM by which rickettsiae undergo faster and
directionally persistent movements by generating long, straight actin tails, in contrast to
another actin-polymerizing molecule, RickA, which interacts with the Arp2/3 complex,
and is involved in short actin tails early on during infection (Figure 8). Moreover, R.
parkeri exerts temporal control over Sca2 expression, as it was shown to accumulate at
the bacterial pole at later times of infection [45]. Conversely, while tick cells maintain the
machinery necessary for ABM [46], R. parkeri sca2::tn was not impaired in its ability to
disseminate to tick tissues, such as ovaries and salivary glands. Therefore, other
rickettsial factors are likely involved in dissemination through tick tissues.
2.3.4 Surface cell antigen-4
In contrast to the other members of the Sca family, Sca4 lacks an N-terminal
signal sequence; thus, it has been proposed to be secreted in a sec-independent manner
[119]. Using R. parkeri sca4::tn comparative studies, Sca4 was secreted into the
cytoplasm of infected cells and not anchored to the surface of the rickettsiae like most
other Scas [109]. Functionally, it was demonstrated that R. parkeri Sca4 promotes
protrusion/engulfment into neighboring cells in a vinculin-dependent mechanism (Figure
8). However, the initiation processes of protrusion were independent of exogenous Sca4
expression; therefore, Sca4 alone cannot stimulate this process and other rickettsial
factors contribute to cell-to-cell spread.
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2.3.5 Surface cell antigen-5
Sca-5, also commonly referred to as OmpB, is annotated in all Rickettsia spp. and
mediates various processes during rickettsial infection (e.g., recognition, invasion, and
immune evasion of host cells). OmpB was one of the first rickettsial molecules observed
due to its dominant OM presence, where it constitutes the largest portion of the S-layer in
rickettsiae [126,132], which was validated with the generation of R. parkeri ompBSTOP::tn
[40]. Protein expression models described OmpB’s role in attachment to and invasion of
mammalian host cells by recognition of Ku70 on plasma membranes with invasion
dependent on Arp2/3, which is an actin-nucleating protein complex [133,134] (Figure 8).
Using protein modeling, the β-peptide domain of R. conorii OmpB was predicted to be
exposed on the OM and its role in serum resistance was shown using an expression
system [135]. Recently, OmpB was found to be essential in blocking ubiquitylation
during the autophagic response in macrophages [40] (Figure 8), resulting in a decreased
virulent phenotype of R. parkeri ompBSTOP::tn, during colonization of mouse tissues in
vivo [40]. In relation to arthropod infection, coimmunoprecipitation studies revealed an
association of R. felis OmpB with histone H2B during tick cell culture [136]. Using both
RNAi and antibody treatment against histone H2B, limitations in the ability of R. felis to
infect host cells was observed. Thus, suggesting another unique receptor of OmpB in an
arthropod background.
Functional studies involving the outer membrane dominant proteins, Scas, have
revealed multiple strategies utilized by rickettsiae during infection of mammalian, and to
a lesser extent arthropod host cells. While some Scas partake in redundant roles (e.g.,
Sca1, Sca2, OmpA, OmpB), Scas also appear to moonlight, or multitask (e.g., Sca2 and

31

OmpB), where a single molecule can participate in many different functions. As
strategies of genetic manipulation become more efficient and readily available, unveiling
of the entire functional repertoire of rickettsial-specific molecules in a variety of
Rickettsia spp. in both vector and mammalian backgrounds will be further explored.
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Figure 8. Summary of the known functions of Scas during rickettsial infection. 1) Several
Scas have been implicated in host cell attachment and/or invasion. Sca1 and Sca2 attach
to unknown receptors on mammalian cells. Additionally, Sca0 (OmpA) binds to ɑ2β1
integrin while Sca5 (OmpB) binds to Ku70 (mammalian cells) or Histone H2B (tick
cells) activating Arp2/3-dependent actin polymerization facilitating invasion through
clathrin and caveolin-mediated endocytosis. As rickettsiae become endocytized by host
cells, they quickly escape the phagocytotic vacuole where they remain free within the
cytoplasm. 2) To avoid host killing, OmpB can block ubiquitination. Furthermore, SFG
Rickettsia utilize two distinct forms of ABM to propel themselves throughout the cell,
including early phase (RickA) and late phase (Sca2). 3) Sca2 generates organized
movements by producing long filamentous actin tails. 4) To induce protrusion into
neighboring cells, secreted R. parkeri Sca4 acts on vinculin tension on the cell
membrane. Prior to protrusion, rickettsiae lose their actin tails and are subsequently
encapsulated in a double membrane vesicle in the naïve cell where the infection cycle
continues. Image created using BioRender.
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CHAPTER III
FLEA-BORNE RICKETTSIOSES

Flea-borne rickettsioses is collectively referred to as the term for the etiological
agents, R. felis, R. typhi, and RFLOs. Due to their shared transmitting vector and clinical
signs, discriminating between the agents has proven difficult [89,102,137,138]. While the
classical transmission cycle of R. typhi included commensal rats and the rat flea, an
ecological shift caused by avid pest control in the 1940s identified a new transmission
cycle where R. typhi was found to be associated with peri-domestic animals and cat fleas
[139-141]. This paradigm shift in transmission cycles for R. typhi has brought into
question the role of other closely related flea-borne rickettsiae, such as R. felis.
Importantly, cases of flea-borne rickettsioses have more than doubled in the past 20 years
where endemic foci remain in the southwestern U.S. [1,140,142-144]. Given that cat fleas
are one of the most prevalent ectoparasites found on peri-domestic animals, have low
host-specificity, and an intermittent feeding behavior [145,146], pathogen dispersal can
be quickly facilitated by this vector [147]. Likewise, the increased risk of human
exposure is perpetuated by the close interactions with domestic animals, such that cases
are most often associated with household infections (reviewed in [1,148]). To understand
the complexity of the eco-epidemiology in areas of overlapping endemicity, further study
pertaining to rickettsial interaction in the vector is necessary.
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3.1 Rickettsia felis
Although first described in 1990 by electron microscopy in the midgut epithelial
cells of colonized cat fleas [89], R. felis was not considered a validated species until 2001
[149]. Its unique genetic annotations originally placed the species within the SFG
Rickettsia. However, more in-depth analyses forced for reassortment of the genus, where
the species now resides within the TRG Rickettsia, harboring features belonging to both
SFG and TG Rickettsia [38]. As the etiological agent of flea-borne spotted fever (FBSF),
R. felis has quickly transitioned from an intermittent disease in the U.S. to a common
cause of febrile illness in sub-Saharan Africa [150]. It is found to be prevalent among 315% of hospitalized patients diagnosed with fevers of unknown origin [147]. However,
underestimation of the perceived risk of FBSF within sub-Saharan Africa is highly likely
due to shared similarities in clinical signs (e.g., fever, headache, myalgia) with other
endemic febrile illnesses, such as malaria and dengue fever [150]. Additionally, emerging
species, such as RFLOs, share distribution patterns with R. felis [102,138,151-153], but
their potential as human pathogens requires further investigation. Human cases of FBSF
have presented with more severe symptoms, such as eschars, maculopapular rash, or
meningitis [1,154,155]. In the U.S., these symptoms often mimic another flea-borne
rickettsiosis, murine typhus, caused by R. typhi.

3.1.1 Transmission biology
In addition to detection across all continents, except Antarctica, R. felis has been
molecularly detected in over 40 different arthropod species, with the cat flea, C. felis,
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being its most well-studied biological vector [156,157]. While vector competence of
other hematophagous arthropods has been demonstrated under laboratory conditions
[31,158,159], the role of these arthropods in the eco-epidemiology of FBSF remains to be
determined. Cat flea infection with R. felis, which does not affect host viability or
fecundity [30,81], can result in both vertical and horizontal transmission
[81,147,159,160]. While constitutively infected flea populations maintain R. felis
infection for up to 12 generations [81], driving vertical transmission to naïve fleas under
laboratory conditions has proven to be variable [160]. The observation that R. felis
prevalence begin to wane over time in cat flea populations without the introduction of a
supplemental infectious bloodmeal, suggests vertical maintenance alone cannot sustain
infection. Thus, studies examining the horizontal transmission potential of R. felis began
to untangle the complex nature of the flea-borne pathogen.
Supported by the observation of R. felis in the salivary glands of infected fleas
[161], transmission of R. felis to naïve fleas through a shared bloodmeal using an
artificial unit [160] and cofeeding on a vertebrate host demonstrated successful horizontal
transmission via a flea bite [159]. Furthermore, R. felis can be transmitted to other flea
species, such as Xenopsylla cheopis [159], and spread in the absence of a bacteremic host
[159,162]. While the exact extrinsic incubation period (EIP) for R. felis-infected cat fleas
remains unknown, it was shown that a minimum period of 12 hours is required for
successful early phase transmission events [147]. The horizontal transmission events
observed for R. felis under laboratory conditions may account for its ubiquitous detection
in nature. Although vertebrate hosts are known to mount an immune response against R.
felis [162-164] and rickettsial DNA has been detected on skin and/or tissue samples
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[154,159,165], successful isolation from an infected patient typically remains
unsuccessful. However, a recent investigation of dogs as a potential reservoir host for R.
felis successfully isolated the pathogen from the blood of canines exposed to R. felisinfected cat fleas, suggesting alternative reservoirs, or potential amplification hosts, may
exist in nature [162]. Detailed studies examining the nexus between R. felis and fleas
would provide pivotal knowledge in understanding its confounding epidemiology.
During laboratory exposure, R. felis is detected in many tissues throughout an
adult flea’s average 28-day lifespan. Dissemination occurs throughout the digestive tract
(e.g., foregut, midgut, and hindgut), body cavity, salivary glands, ovaries, and excretory
organs, such as rectal ampulla [89,166] (Figure 9). Observation of rickettsiae within
excretory organs, supported the detection of R. felis examined from feces of exposed
fleas. As fecal transmission is utilized by other flea-borne pathogens, such as R. typhi and
B. henselae, the potential of fecal transmission for R. felis is currently under investigation
[167]. Rickettsial DNA is detected in feces throughout the flea’s lifespan with viable
rickettsiae detected as early as 36 hpe [168]. However, the potential for this route of
transmission and its contribution to R. felis epidemiology requires further investigation.
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Figure 9. Dissemination of R. felis infection in exposed cat fleas. Temporal analysis of R.
felis infection in both male and female cat fleas depicting dense foci of infection (arrows)
in midguts and disseminated tissues. CD-cardia; MG-midgut; HG-hindgut; PVproventriculus; SG-salivary glands; OV-ovaries. This figure was modified [166].
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3.2 Rickettsia typhi
Previously referred to as Rickettsia mooseri, R. typhi can be found worldwide,
often associated with warm and humid climates [141]. As the etiological agent of murine
typhus, also called endemic typhus, R. typhi belongs to the TG Rickettsia [47]. Murine
typhus presents as an acute febrile illness, where clinical manifestations can range from
mild to severe. While first identified in the U.S. in the early 1900’s, cases quickly rose to
the highest in the mid 1940’s with over 5,000 cases [169]. Outbreaks correlated with
decreased sanitation and increasing populations occurring within coastal port cities at that
time [141,169]. However, due to the implementation of rodent and pest control after
World War II, cases of murine typhus significantly fell in much of the U.S. Still, endemic
foci remain in southern Texas, California, and Hawaii, where reservoir hosts are
undetermined and the focalization of incidence in these areas is not known.

3.2.1 Transmission biology
The epidemiology of murine typhus is quite perplexing. Historically, R. typhi was
associated with transmission between the oriental rat flea, X. cheopis, and commensal
rats, which were a known reservoir host [141]. Several studies have examined the
acquisition and transmission of R. typhi between rat fleas and rats under laboratory
conditions [82,170-172]. However, due to the paradigm shift in the ecology of murine
typhus, studies began to focus on the transmission potential of other flea species, such as
the cat flea. Both flea species are known to remain infected with R. typhi throughout their
lifespan without affecting viability or reproductive capacity [171,173]. Both TOT and
TST is reported to occur, but at very low rates [82]. This phenomenon is well understood
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for rickettsial pathogens, as virulent rickettsiae tend to have low vertical transmission
efficiency, as they require frequent horizontal transmission events [174]. To drive
horizontal transmission, R. typhi, like other TG Rickettsia, utilizes excretion in flea feces
as the main mechanism of inoculation into vertebrate hosts [47,80,171,173]. Under
laboratory conditions, it is shown that R. typhi requires an EIP of 9-10 days to be
transmitted through infectious feces [171,173].
Dynamic infection profiles are known for R. typhi in various flea vectors
(reviewed in [141]). As R. typhi undergoes an exponential growth phase (5-11 dpe), titers
exhibit slight deficits over time, but remain relatively high for the duration of the adult
flea’s average lifespan [141]. At early stages of infection (5 dpe), R. typhi is observed in
few midgut epithelial cells [141,172]. Following rapid intracellular growth, rickettsiae
cause midgut cell rupture and are released into the midgut lumen to be excreted in
infectious feces [141,172] (Figure 10). While R. typhi infection is primarily confined to
the midgut, rickettsiae have been detected in the lumen of the proventriculus and foregut
of exposed fleas [171,173], warranting further investigation of the potential of oral
transmission through a flea bite. Indeed, rat fleas infected with R. typhi for greater than
21 days were capable of transmitting rickettsiae to a vertebrate host [170]. However, due
to the lack of detection of R. typhi within the salivary glands of infected fleas, this
mechanism is understood to be induced by regurgitation of rickettsiae in the foregut
lumen independent of salivary secretions [170]. Although described under laboratory
conditions, the role of flea bites in the ecology of murine typhus is still under
investigation; therefore, fecal transmission is considered the main avenue of transmission
to vertebrate hosts.
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Figure 10. Electron micrograph of R. typhi-infected midgut epithelial cells from X.
cheopis. Observed cell disruption is noted in the top panel of the figure (black arrow)
where high levels of rickettsial infection is seen throughout the midgut epithelial cell
lining. This figure was modified [172].
3.3 Coinfection
As arthropods partake in multiple bloodmeals, there is an increased risk potential
to acquire multiple pathogens. Poly-pathogen infection can occur through feeding on
several infected hosts, or through partaking in a single bloodmeal on a coinfected host.
Both experimental and surveillance studies have demonstrated coinfections among a wide
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variety of arthropods, such as ticks, fleas, and mosquitoes, often resulting in antagonistic,
mutualistic, or synergistic relationships between organisms [107,175,176]. While the
mechanisms underlying the cocirculation of flea-borne bacteria remains undefined, tickborne rickettsiae have long-been examined in the context of interference. Specifically,
studies have observed a non-pathogenic species, R. peacockii, preventing the vertical
transmission of R. rickettsii (Rocky Mountain Spotted Fever) within the tick,
Dermacentor andersoni [103]. Upon further investigation, it was concluded that the
initial colonization of R. peacockii within the ovaries of the tick did not affect the
horizontal transmission of R. rickettsii to a vertebrate host. In 2002, a similar interference
event was observed between two non-pathogenic Rickettsia spp. within another tick
vector, Dermacentor variabilis [104]. The establishment of a primary infection
obstructed vertical transmission of a secondarily acquired infection.
In contrast to interference, enhanced vector infection of one agent during tick
coinfections has been reported. This has been observed with the increased spread of
Coxiella burnetii into tick tissues in the presence of Rickettsia phytoseiuli [177].
However, incongruent interactions between B. burgdorferi and A. phagocytophilum
during acquisition and transmission by nymphal Ixodes ticks has been documented
[178,179]. Thus, evidence supporting multiple outcomes of coinfection highlights the
multifaceted nature of vector-borne diseases. Furthermore, the observation that R. felis
and R. typhi can sustain infection for life in the flea and share distribution patterns has
epidemiological implications, as it is more likely to prompt interactions within the vector.
Studies addressing the consequences of coinfection are vital in fully appreciating the
epidemiology associated with vector-borne pathogens.
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CHAPTER IV
TRANSPOSON MUTAGENESIS LEADS TO A DISTINCT PHENOTYPE
DURING FLEA INFECTION

4.1 Introduction
Rickettsial pathogens are obligate, intracellular bacteria spread by hematophagous
arthropods associated with a spectrum of emerging and reemerging vector-borne diseases
worldwide. In the United States, there has been a resurgence of flea-borne rickettsioses
within endemic areas, including California, Texas, and Hawaii [1,180,181]. Among fleaborne rickettsiae, R. felis, the causative agent of FBSF, has been detected worldwide in
over 40 different arthropod species [150,156]. FBSF is a common cause of febrile illness
in sub-Saharan Africa where it is found to be prevalent among 3-15% of hospitalized
patients diagnosed with fevers of unknown origin, but underestimation of the perceived
risk is likely due to shared similarities in clinical signs (fever, headache, myalgia) with
other endemic febrile illnesses [150,182]. The cat flea, C. felis, which is a predominant
ectoparasite found on domestic and wild animals, is a well-described biological vector of
R. felis [145,146]. Notably, R. felis can utilize multiple routes to infect vertebrate hosts,
including inoculation of infectious salivary secretions and potentially flea feces
[92,147,159,167,183]. While recognized as an emerging pathogen, little is known of the
molecular interactions governing flea infection and subsequent transmission of R. felis.
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Genetic modification of vector-borne pathogens, such as Yersinia pestis and B.
henselae, has identified bacteria-derived factors essential for infection or transmission in
fleas [184-190]. In contrast to these extracellular pathogens, the fastidious nature of
rickettsiae requires direct interaction with host cells for propagation, delaying the
development of applicable molecular tools. Utilizing genetic manipulation, studies have
implicated several rickettsial determinants, including Sca0, Sca1, Sca2, Sca4, Sca5,
RickA, and RalF, in adhesion, invasion, and/or avoidance of the immune response in a
mammalian host system [40,45,109,123,134,191]. While rickettsial factors vital for
infection are being elucidated in vertebrates, less is known in arthropod vectors. For
example, Sca1 is known to be expressed on the surface of rickettsiae and facilitate
attachment to non-phagocytic mammalian cells during in vitro culture [123]; however, its
role during vector infection remains unknown.
Arthropod-borne pathogens undergo complex changes in their host environment
as they traverse between vector and vertebrate hosts. It is known that R. felis utilizes hostspecific gene regulation during infection and transmission by the arthropod vector [168].
Likewise, fleas are known to mount an immune response against invading rickettsiae
[86,87,92]. The kinetics of R. felis infection in the flea has been detailed, with rickettsiae
observed throughout the midgut, excretory system, salivary glands, and ovarian tissues as
early as 7 days post-exposure, indicating mechanisms of immune evasion have evolved
[160,166]. However, the rickettsial determinants driving flea infection remain to be
elucidated. Therefore, the objective of this study was to characterize the phenotype of a
R. felis transformant during flea infection. The establishment of an intracellular niche is
crucial for rickettsial survival; therefore, it is hypothesized that if sca1 is essential in the
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vector, then disruption will result in an altered infection phenotype. In the current study,
an R. felis sca1::tn mutant was generated and utilized in an arthropod host system to
determine its contribution to infection and transmission. While the R. felis sca1::tn
mutant portrayed enhanced growth kinetics compared to R. felis wild-type during in vitro
culture, rickettsial loads were significantly reduced during flea infection. Thus, the use of
a biologically relevant model implicates sca1 as an essential factor facilitating R. felis
infection in the flea.

4.2 Methods

4.2.1 Fleas, Rickettsia, cell lines and mice
Cat fleas were purchased from Elward II Laboratory (Soquel, CA) and maintained
using an artificial dog system [192]. Prior to use in each bioassay, a subset of fleas was
confirmed to be pathogen-specific free using qPCR protocols amplifying R. felis ompB
gene [92]. Rickettsial isolate, R. felis str LSU passage 3, was maintained in an Ixodes
scapularis embryonic cell line (ISE6) using modified L15B medium [114]. Briefly, L15B
medium was supplemented with 10% heat-inactivated fetal bovine serum (FBS), 5%
tryptose phosphate broth, and 0.1% bovine lipoprotein to a final pH of 7.0-7.2.
Rickettsiae were cultured until reaching 80-90% infectivity visualized by Diff-Quik
staining as previously described [92,159,193]. Five-week-old, male, C3H/HeJ mice
(Jackson Laboratory) were used as a murine model for transmission studies.
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4.2.2 Rickettsial transformation
The R. felis str. LSU transposon mutants were generated using a modified pCismCherry-SS Himar A7 plasmid [114]. The plasmid carries sequences encoding a
mCherry fluorescence marker and the aadA gene that confers resistance against
spectinomycin and streptomycin with expression driven by the Anaplasma marginale
transcriptional regulator 1 (Am-Tr1) promoter [194]. The transposon is flanked by nine
base pair inverted repeats recognizable by the Himar1 transposase where 1,833 base pairs
were inserted into the rickettsial genome. Rickettsial transformants were serially passed
on ISE6 cells using L15B medium supplemented with spectinomycin and streptomycin at
a working concentration of 100µg/ml until clonal populations were achieved by limiting
dilution method [195].
4.2.3 Determination of Himar1 insertion sites
To determine the Himar1 insertion site, rickettsial stocks were sucrose purified by
needle lysis as previously described [133]. Genomic DNA (gDNA) was extracted using
the DNeasy Blood and Tissue Kit, according to the manufactures protocol (Qiagen). Prior
to whole genome sequencing, the integrity of DNA fragments was visualized by agarose
gel electrophoresis. The sequencing was carried out with an Ion Torrent Personal
Genome Machine (PGMTM) System on a 316 chip. Sequences were aligned to the
annotated R. felis URRWXCal2 genome as a reference database (NCBI GenBank
accession number: CP000053.1). Insertions identified by genome sequencing were
confirmed by PCR followed by Sanger sequencing using both a semi-random nested PCR
method [41] and PCR-amplified products cloned into the pCR4-TOPO vector
(Invitrogen)(Table 1). Sequences were Sanger sequenced following Azenta Life Sciences
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specifications and aligned to the R. felis reference genome using the GenBank database
for further analyses by SnapGeneⓇ (Version 6.0.4) software.
4.2.4 Characterization of R. felis sca1::tn
To determine clonality of the R. felis sca1::tn mutant population, primers were
designed to amplify flanking regions of the confirmed transposon insertion site (Table 2).
Amplicon specificity was validated by sequencing and aligned to the R. felis reference
genome using NCBI BLAST. Bacterial populations were screened for clonality prior to
each experiment. To determine alterations in sca1 expression, primers were designed to
amplify upstream and downstream of the known transposon insertion site (Table 3).
Semi-purified rickettsiae were harvested through needle-lysis followed by 2 µm filtration
to remove large host cell debris and stored in TRIzol reagent (Invitrogen). Total RNA
was isolated using Zymo mini-RNA kit, cleaned with the Zymo Clean and Concentrator
kit, and any residual DNA was depleted using TurboDNase treatment (Ambion). cDNA
was synthesized using iScript (Bio-rad) with random hexamers. A no reverse
transcriptase control was used to confirm the absence of gDNA.
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Table 1.Chapter IV primers for Sanger sequencing
Oligo name: primer
set (5' - 3')

Sequence

Citation

Univ.primer1

GCTAGCGGCCGCACTAGTCGANNNNNNNNNNCTTCT

[41]

mCherry.EXT

TTCGCCTTCGCCTTCGATTTCAAACT

Univ.primer2

GCTAGCGGCCGCACTAGTCGA

mCherry.INT

TCCATGTGCACCTTAAATCTCATAAACTCTTT

This study
[41]
This study

mCherry.UP.OUT ATTATCTTCCTCTCCCTTGCTGACC

[196]

A1.FOR

TCATACATAATGTTAATGCAACAGT

A1.REV

GACATTGCTTGCCTTTATAACAT

This
study

A2.FOR

TCATACATAATGTTAATGCAACAGT

A2.REV

CGACAATAATATTCTAGGTATAGCTT

A4.FOR

TCATACATAATGTTAATGCAACAGT

A4.REV

GATGTATTGGTATGGAAGAG

A5.FOR

TCATACATAATGTTAATGCAACAGT

A5.REV

ATTCATTAGCTTCGTGAATCGT

B2.FOR

TCATACATAATGTTAATGCAACAGT

B2.REV

GATATTATCGCATCCCCAACTTG

C1ii.FOR

TCATACATAATGTTAATGCAACAGT

C1ii.REV

CTTCATCAGAGAGTATAAATTCTAGTGAC

C4.FOR

CAGCCCGTCATACTTGAAGCTAGGC

C4.REV

CTCTTCATTGCTTACTTCTACCTTATC

D6.FOR

TCATACATAATGTTAATGCAACAGT

D6.REV

CTTTGCCGTATCCAAGTCTATA
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This
study
This
study
This
study
This
study
This
study
This
study
This
study

Table 2. Chapter IV primers for examining clonality.
Oligo name:
primer set (5' - 3')

Sequence

A1.clonality.FOR

GAGATAGCATTATTCAGTCGGAAAATT

A1.clonality.REV

GACATTGCTTGCCTTTATAACAT

A2.clonality.FOR

TGGATGCGTGGTATGTACGG

A2.clonality.REV

CCTCGGTAATTCTTTTTGTCCG

A4.clonality.FOR

GCACGTAATATATGTTCTTTCATATTCCT

A4.clonality.REV

GATGTATTGGTATGGAAGAG

A5.clonality.FOR

GCCTCAATATATCGCTATCTTGC

A5.clonality.REV

CAGCCCGAAGATTTGATCTT

B2.clonality.FOR

TGCCGCAATAATTGGTACTAC

B2.clonality.REV

GATATTATCGCATCCCCAACTTG

C1ii.clonality.FOR CTTCATCAGAGAGTATAAATTCTAGTGAC
C1ii.clonality.REV GCGTTACTTTAGATTCTAGTAATTGTG
C4.clonality.FOR

CGGCTTACCTGACGAAATAGAA

C4.clonality.REV

CTCTTCATTGCTTACTTCTACCTTATC

D6.clonality.FOR

GTCCTTATCATTATAACGATCAGTTGG

D6.clonality.REV

CTTTGCCGTATCCAAGTCTATA
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Citation

This
study

This
study

This
study

This
study

This
study

This
study

This
study

This
study

Table 3. Chapter IV primers for RT-PCR
Oligo name:
primer set (5' - 3')

Sequence

sca1.UP.FOR

TGGATGCGTGGTATGTACGG

sca1.UP.REV

GTCGATTTCAACGTCAAACCCA

sca1.DWN.FOR

GAAGTCACGAGACGGGGT

sca1.DWN.REV

CTTAACACTACCTTGATGGCTTCTAT

RF_0023.FOR

CAATCTACATTTAACGCTTCCGC

RF_0023.REV

ATTAGGGTGATGCTTATAGTTTTGATTATTT

RF_0024.FOR

CAGAAGCAAAGGCAATCACATTC

RF_0024.REV

CAACTGTGCTAGATACCAATCACT

RF_0025.FOR

AGTGAAAAACGATTTGTAACAGTCAG

RF_0025.REV

AGCCTATAAGGTGATACAGCATCT

Citation

This study

This study

This study

This study

This study

4.2.5 In vitro infection assays
For analysis of rickettsial cell attachment and growth kinetics by
immunofluorescence, ISE6 cells were seeded onto glass coverslips in 24-well plates at a
density of 8x105 cells/well or 8-well chamber slides at a density of 5x105 cells/well and
incubated at 32°C for 48 hours. To detect genomic equivalents during growth curve
analysis, ISE6 cells were seeded in 48-well plates at a density of 5x105 cells/well.
Rickettsiae were enumerated by BacLight viability stain kit [197] to determine a
multiplicity of infection (MOI) of 10 rickettsiae/cell. Host cell contact was induced by
centrifugation at 300xg for 5 minutes and unbound bacteria were removed following
specific incubation times described below. For the cell attachment assay, unbound
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rickettsiae were removed and infected cells were washed with PBS and fixed for
immunofluorescence staining at 10-minute intervals for the first 30 minutes of infection.
Microscopy images from 2 experiments with 10 fields of view were assessed.
For growth curve analysis, centrifuged tissue culture plates were incubated at
32°C for 1 hour to allow rickettsiae to attach to host cells. At 1-hour post-infection (hpi),
unbound rickettsiae were removed and samples were considered time point 0 where
rickettsial growth was calculated as a change over time. The remaining wells were
replaced with maintenance media for the duration of the experiment (7 days) where entire
well volumes (both intracellular and extracellular rickettsiae) were collected every other
day for rickettsial enumeration of genomic equivalents by qPCR (Table 4.). A total of 3
experiments were performed with 3 technical replicates/experiment for both R. felis WT
and R. felis sca1::tn.
4.2.6 Rickettsial isolation from blood
To re-isolate rickettsiae from prepared bloodmeals, 1 mL of R. felis WT- and R.
felis sca1::tn-infected ISE6 cells were prepared as previously described [159]. Cell
pellets were incubated in microcentrifuge tubes in an artificial dog unit for 48 hours to
mimic flea infection temperature range. Host cells were then lysed, and cell debris was
pelleted at 300xg for 5 minutes. The supernatant was collected and filtrated through a
2µm filter. Rickettsiae were enumerated by BacLight viability stain kit [197] to
determine a multiplicity of infection (MOI) of 50 bacteria/cell. Cells were infected in the
same manner as growth curve analyses, in which whole well contents were collected
every other day for 1 week. Similarly, rickettsial genome equivalents were calculated as a
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change over time by qPCR. A total of 2 experiments with 3 technical
replicates/experiment were completed for both R. felis WT and R. felis sca1::tn.
4.2.7 Flea infection
For flea infections, cages were prepared with ~200 mixed-sex cat fleas and prefed
heat-inactivated bovine blood (HemoStat Laboratories) for 24 hours. Following
prefeeding, fleas were starved for 6 hours and exposed to a R. felis WT- or R. felis
sca1::tn-infected bloodmeal at an infectious dose of 1.5x1010 rickettsiae/ml, prepared as
previously described [159,183]. Fleas were allowed continuous access to the infectious
bloodmeal for 48 hours after which it was replaced with uninfected, defibrinated blood
for the remainder of the study. A total of 20 fleas (10 male and 10 female) were collected
weekly, surface sterilized [92], and homogenized using a TissueLyser II (Qiagen) prior to
gDNA extraction and subsequent qPCR analysis using primers listed in (Table 4) to
determine rickettsial loads within individual fleas. To assess rickettsial loads per 1 mg of
flea feces, feces were collected weekly [183] and subjected to gDNA extraction
following the manufacturer’s instruction for blood isolation. A total of 3 independent
replicates (60 fleas per time point) over a 28-day period were analyzed for both R. felis
WT and R. felis sca1::tn mutant experimental groups.
4.2.8 Flea cross-sections and immunofluorescence staining
Slides containing formalin-fixed paraffin-embedded flea sections (5μm) were
heated at 65 °C for 15 minutes and deparaffinized by repeated immersions in Hemo-De
(Electron Microscopy Sciences). Slides were rinsed with phosphate-buffered saline
(PBS), antigen retrieval, and immunofluorescence staining was performed as previously
described [157,160,166]. Briefly, slides were incubated with mouse polyclonal antisera to
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R. felis at a dilution of 1:100 for 1 hour [157,197] and subsequently incubated with Alexa
488 goat anti-rabbit. Fleas were counterstained with 0.1% Evans blue in PBS at 37°C for
30 minutes and mounted with VectaShield HardSet antifade mounting medium with
DAPI (Vector Laboratories Inc.) for nuclear staining. Samples were visualized using a
Nikon A1 microscope (S10RR027535).
4.2.9 Flea cofeeding
For cofeeding bioassays, donor fleas were exposed to both R. felis WT- and R.
felis sca1::tn-infected bloodmeals, independently, for 48 hours at an infectious dose of
5x1010 rickettsiae/ml. In parallel, recipient (naïve) fleas were exposed to a bloodmeal
supplemented with the fluorescent biomarker, rhodamine B (RhoB) at a working
concentration of 0.025%, for 48 hours [159,160]. Five days post-exposure (dpe) to the
infectious bloodmeal, 10 donor and 10 recipient mixed-sex fleas were combined into
feeding capsules made from modified 1.7ml microcentrifuge tubes [159]. Capsules were
attached to the flank of C3H/HeJ mice and fleas were allowed to feed for three 12-hour
increments. Fleas and skin biopsies at the site of flea feeding were collected after the final
feeding time point (7 dpe). Fleas were prepared for qPCR analyses as described for the
infection bioassay. A total of 3 mice were used per experimental group, along with a
control mouse exposed to uninfected fleas.
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Table 4. Chapter IV primers and Probes for qPCR.
Oligo name:
primer set (5' - 3')

Sequence

Rfel.OmpB.FOR

TAATTTTAACGGAACAGACGGT

Rfel.OmpB.REV

GCCTAAACTTCCTGTAACATTAAAG

Citation

[198]

Rfel.OmpB.HEX/FAM HEX/ or FAM/TGCTGCTGGTGGCGGTGC
18srRNA.FOR

GAGTTCCGACCAGAGATGGA

18srRNA.REV

CGCAGAAACTACCATCGACA

18srRNA.FAM

FAM/TGCCTTGCTCACCGTTTGACTTGGTG

Ise6.cal.FOR

AGCAGGGAACTTTCAAGCTG

Ise6.cal.REV

AGAAAGGCTCGAACTTGGTG

Ise6.cal.HEX

HEX/AGACCTCTGAAGATGCCCGCTTT

This
study

[46]

4.2.10 DNA extraction and qPCR
To determine genome equivalents of rickettsiae, gDNA was extracted using the
DNeasy Blood and Tissue Kit (Qiagen) following the manufacturer’s instruction.
Rickettsial and host gene copies were quantified by qPCR with the appropriate primers
and probes (Table 4) using iTaq Universal Probes Supermix (Bio-Rad) on a LightCycler
480 II (Roche Life Sciences). Standard curves were generated by creating 10-fold serial
dilutions of pCR4-TOPO plasmids containing the R. felis ompB, C. felis 18sRNA, or ISE6
calreticulin genes to quantify each target sequence. Amplification conditions were as
follows: an initial denaturation step at 95°C for 3 min, followed by 45 cycles of
denaturation at 95°C for 15s, annealing and elongation at 60°C for 60s with fluorescence
acquisition in single mode.
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4.2.11 In vitro immunofluorescence staining
For the cell attachment assay, extracellular bacteria were stained with rabbit antiRickettsia I1789 antibody (provided by Ted Hackstadt) followed by the secondary
antibody, Alexa 594 goat anti-rabbit (Invitrogen, A11005; 1:1000 dilution). To
subsequently stain all bacteria (intracellular and extracellular), cells were permeabilized
and again stained with rabbit anti-Rickettsia I1789 antibody followed by the secondary
antibody, Alexa 488 goat anti-rabbit (Invitrogen, A11008; 1:1000 dilution). Coverslips
were mounted with VectaShield HardSet antifade mounting medium with DAPI (4’,6diamidino-2-phenylindole) (Vector Laboratories Inc.) for nuclear staining. Samples were
visualized using a Nikon A1 microscope (S10RR027535).
For in vitro culture, cells were fixed using 4% paraformaldehyde for 20 minutes,
washed thoroughly with PBS, and permeabilized using 0.5% Triton-X100 for 15 minutes.
Cells were blocked with 3% BSA for 1 hour. Coverslips were then probed for rickettsiae
using rabbit anti-Rickettsia I1789 antibody diluted 1:1000, followed by the secondary
antibody, Alexa 488 goat anti-rabbit (Invitrogen, A11008; 1:1000 dilution). For all
immunofluorescence assays, samples with secondary antibody only served as a control
for non-specific binding of the Alexa fluor antibodies.
4.2.12 Statistical analyses
To compare growth kinetics and cell association of R. felis sca1::tn to R. felis WT
in the ISE6 cell line, a two-tailed t-test was performed to determine differences between
the means at a given timepoint. A two-way analysis of variance (ANOVA) was
performed for the flea infections to compare differences in variance between R. felis
sca1::tn and R. felis WT over time. During the cofeeding bioassay, a Fisher’s exact test

55

for significance was used to examine independence between the proportion of R.
felis-infected recipient fleas between each rickettsial strain. A p value ≤ 0.05 was
considered statistically significant. All statistical analyses were performed using Prism 8
software (GraphPad Software).

4.3 Results

4.3.1 Himar1 transposon mutants.
Using a modified pCis-mCherry-SS Himar A7 plasmid [114], rickettsial mutants
were generated using R. felis str. LSU. Whole genome sequencing identified Himar1
insertion sites for 5 mutants, with the remaining 3 detected by semi-random nested PCR
alone. Sequencing results were confirmed by PCR amplification, cloning, and Sanger
sequencing. Results indicate 8 insertion sites in both R. felis chromosomal DNA, as well
as the pRF plasmid (Figure 11.; Table 5.). Using microscopy, mCherry fluorescence was
observed for some R. felis transformants (Figure 11B).
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A.

B.

Figure 11. Transposon mutagenesis of R. felis transformants. A) Chromosomal and pRF
plasmid maps indicating Himar1 insertion sites for each mutant population into coding
(red) and intergenic (blue) regions. B) mCherry expression using fluorescence
microscopy of sucrose purified A5 mutant grown in ISE6 cells. Scale bar = 50 µm.
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Table 5.Transposon insertion sites for R. felis mutants.
Mutant

Genomic

Direction

Locus ID

Gene product description
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A1

788,263
insertion anti-sense RF_0725

Surface cell antigen 4

A2

sense

RF_0022

Surface cell antigen 1

A4

25,261
site
15,820

sense

RF_p18

Tetratricopeptide repeatdomain protein

A5

60,888

anti-sense RF_p66

B2

30,129

n/a

Intergenic region of pRF plasmid n/a

C1

664,857

sense

RF_0622

Unknown protein

C4

1,211,812

sense

Rf_1144

Unknown protein

D6

857,160

anti-sense RF_0808

Site-specific recombinase (tail end)

5-Formyltetrahydrofolate cyclo-ligase

To achieve clonal populations, the limiting dilution method was used and R. felis
mutants were grown under selective culture in ISE6 cells using L15B medium
supplemented with spectinomycin and streptomycin [195]. For further characterization of
growth phenotypes, a single mutant, R. felis sca1::tn, was selected. Sanger sequencing
results indicated Himar1 insertion near the 3’ end of sca1 (Figure 12A). Clonality was
confirmed by PCR amplification of the flanking regions of the transposon (Figure 12B).
4.3.2 Himar1 transposon interrupts normal gene transcription of sca1.
To assess the effect of the transposon insertion on sca1 gene transcription, total
RNA was isolated from R. felis sca1::tn and R. felis WT and cDNA was synthesized for
analysis by PCR. Primers designed to amplify upstream of the Himar1 insertion site
showed a reduction in R. felis sca1::tn compared to R. felis WT (Figure 12C).
Furthermore, amplification of the downstream region of sca1 revealed an ablated gene
expression for R. felis sca1::tn (Figure 12C). This data suggests that the transposon had
an impact on normal sca1 mRNA synthesis at the 3’ end of the gene.
As it is known that transposon insertions can have polar effects on adjacent genes
[111,112,114], primers were designed to amplify cDNA of portions of 3 genes located
downstream of sca1, RF_0023, RF_0024, and RF_0025 (Figure 13A). Of interest, only
transcripts from RF_0023 were detected in R. felis WT, where the absence of transcripts
was observed for R. felis sca1::tn (Figure 13B). No amplification of rickettsial DNA was
detected in no reverse transcriptase controls. Thus, the data suggests the Himar1 insertion
has altered sca1 gene synthesis and subsequently effected a neighboring gene.
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Figure 12. Characterization of R. felis sca1::tn after Himar1 insertion. A) Graphical
representation of the position of Himar1 insertion (orange) within the R. felis genome.
Annotated with primer sets for clonality (orange arrows) and RT-PCR (blue arrows) B)
Agarose gel depicting clonality of R. felis sca1::tn (lane 2) using primers flanking the
insertion site and R. felis WT (lane 1) as a control. C) Using RT-PCR, the transcriptional
profile of sca1 in R. felis WT (lane 1 and 8) and R. felis sca1::tn (lane 2 and 9) upstream
and downstream of the Himar1 insertion site, respectively. Rickettsial DNA samples
were used as controls for gene amplification (lanes 6, 7, 13, 14). cDNA samples lacking
reverse transcriptase were used as a negative control (3, 4, 10, 11). PCR reaction without
template is shown in lane 5.
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Figure 13. Polar effects of Himar1 on adjacent genes in R. felis sca1::tn. A) Graphical
representation of the genes downstream of sca1 with primers sets used for RT-PCR
indicated by blue arrows. B) Representative agarose gel of the amplification of adjacent
genes downstream of sca1 using RT-PCR from cDNA samples of R. felis sca1::tn (lanes
2, 6, 10) and R. felis WT (lanes 1, 5, 9). Rickettsial DNA samples were used as controls
for gene amplification (lanes 13-18). cDNA samples lacking reverse transcriptase were
used as a negative control (lanes 3, 4, 7, 8, 11, 12).
4.3.3 R. felis sca1::tn portrays a deficit in tick cell attachment.
Sca1 has previously been shown to play a role during adhesion to a nonphagocytic mammalian cell line [123]. To determine if a similar phenotype occurs for R.
felis during arthropod cell infection, the number of host cell-associated rickettsiae were
quantified by microscopy and compared between R. felis WT and R. felis sca1::tn within
the first 30 minutes of infection. The results depict a significant decrease in the ability of
the R. felis sca1::tn mutant to attach to host cells across all timepoints examined (Figure
14A). As previously described [123], R. felis sca1::tn was internalized to a similar degree
to that of R. felis WT (Figure 14B) suggesting an independent mechanism occurs between
attachment and invasion.
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Figure 14. Cell association and invasion.Semi-purified rickettsial strains were infected
onto ISE6 cells at a MOI of 10. A) Enumeration of percent of host cell-associated
rickettsiae of R. felis WT (white) and R. felis sca1::tn (teal). B) Percentage of internalized
rickettsiae of R. felis WT (white) and R. felis sca1::tn (teal). Data are representative of
means ± SEM from 2 independent replicates for a total of 20 fields of view. Significance
was assessed by unpaired t-test (*p<0.05; ** p<0.01); ***p<0.001) indicating the mean
varies significantly from wild-type at a given time point.
4.3.4 Enhanced growth of R. felis sca1::tn in tick cells.
To assess the R. felis sca1::tn mutant’s growth kinetics during arthropod cell
culture, both rickettsial strains were independently grown in ISE6 cells and genomic
equivalents were quantified temporally over a 7-day period by qPCR. Although R. felis
sca1::tn was altered in its ability to attach to host cells, its growth was significantly
enhanced beginning at 3 dpi when compared to R. felis WT (Figure 15A). Additionally,
upon microscopy analysis, R. felis sca1::tn illustrated distinct dense foci of infection,
whereas R. felis WT presents a disseminated state of infection with few rickettsiae per
cell at 7 dpi (Figure 15B). Overall, temporal examination of the growth kinetics
following sca1 mutation indicates enhanced infection within tick cells with a unique
phenotype resulting in reduced spread.
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4.3.5 R. felis sca1::tn demonstrates a deficient flea infection phenotype.
To confirm there was not a loss in fitness of the mutant during bloodmeal
acquisition assays, rickettsiae were re-isolated from blood following a 48-hour incubation
period. Although overall rickettsial growth kinetics were reduced after re-isolation from
blood, rickettsiae remained infectious. Specifically, R. felis sca1::tn displayed competent
growth compared to R. felis WT (Figure 16), suggesting the resulting flea infection
phenotype is due to factors encountered following bloodmeal imbibement.
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Total rickettsiae
(relative to 1 hpi)
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7 dpi

R. felis WT

A.

1 dpi

Rickettsiae
Actin
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Figure 15. Growth kinetics of R. felis sca1::tn in tick cells. (A) Growth curves of R. felis
WT (black) and R. felis sca1::tn (teal) in ISE6 cells infected at a MOI of 10, measuring
rickettsial genome equivalents by qPCR. Data is normalized to input bacteria at 1 hpi and
representative of mean ± SEM from three experiments with 3 technical replicates.
Significance was assessed by unpaired t-test (** p<0.01); ***p<0.001) indicating the
mean varies significantly from wild-type at a given time point. (B) Fluorescent
microscopy images of R. felis WT and R. felis sca1::tn (green), host cell nuclei (blue),
and host actin (red). Arrows indicate rickettsiae. Circle represents dense infection foci of
R. felis sca1::tn. Scale bar = 10 µm.
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Figure 16. Re-isolation of rickettsiae from blood. Rickettsiae were lysed from host cells
and ISE6 cells were infected at a MOI of 50 with semi-purified R. felis WT or R. felis
sca1::tn after a 48-hour incubation period in bovine blood. Growth curve is measuring
rickettsial genome equivalents by qPCR. Data are representative of mean ± SEM from
two experiments, with 3 technical replicates, and normalized to input bacteria at 1 hpi.
Significance was assessed at a 95% confidence interval by unpaired t-test to assess
variation in the means from wild-type at a given time.
To assess the mutant’s phenotype during flea infection, cat fleas were exposed to
a R. felis sca1::tn- or R. felis WT-infected bloodmeal for 48 hours. Following exposure, a
subset of fleas was assessed for rickettsial burden, revealing that both flea populations
acquired comparable loads of rickettsiae. However, weekly assessments over a 28-day
period depicted significantly lower R. felis sca1::tn loads in individual fleas when
compared to R. felis WT (Figure 17A). Additionally, R. felis WT was detected at
increasing levels in flea feces over time, with the highest loads at 28 dpe (Figure 17B).
Conversely, failure of R. felis sca1::tn to replicate to comparable levels as R. felis WT
was conveyed by its lack of detection in feces. However, detection of R. felis sca1::tn
could be induced in a dose-dependent response, as fleas exposed to a higher dose of
rickettsiae (5x1010 rickettsiae/ml) sustained higher levels of R. felis sca1::tn over time
(Figure 17C; D). Thus, the data suggests that R. felis sca1::tn had a deficiency in
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initiating early infection, but detection of R. felis sca1::tn 28-days after exposure, implies
persistence over time within the flea vector.
4.3.6 sca1 is not essential for dissemination to flea salivary glands.
To determine if persistence of R. felis sca1::tn enabled dissemination to flea
tissues necessary for transmission, such as the salivary glands, fluorescent microscopy
was employed. Both rickettsial strains were observed in the salivary glands of exposed
female fleas within 48 hpe and at 7 dpe (Figure 18). Within whole flea sections, R. felis
sca1::tn was observed at lower rickettsial densities when compared to R. felis WT by
microscopy, supporting the qPCR results (Figure 19).
4.3.7 R. felis sca1::tn is transmissible during flea cofeeding.
Detection of the R. felis sca1::tn mutant in the salivary glands of exposed fleas,
warranted further investigation into its ability to be transmitted by fleas during feeding on
a murine host. Thus, a cofeeding bioassay was employed in which donor (infected) fleas
were allowed to feed in conjunction with recipient (naïve) fleas for 3 days. Naïve fleas
were labeled with the fluorescent biomarker, RhoB, to allow for distinction between the
flea cohorts using microscopy (Figure 20). Although not significantly different, the
cofeeding bioassay generated R. felis WT infection in 20% of recipient fleas, whereas
10% of recipient fleas were positive for R. felis sca1::tn by qPCR (Table 6.).
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Figure 17. Rickettsial loads during flea infection. A) Fleas were exposed, independently,
to R. felis WT- (black) or R. felis sca1::tn-infected bloodmeals (teal) at an infectious dose
of 1.5x1010 rickettsiae/ml for 48 hours. Data are representative of mean ± SEM from
three experiments for a total of 60 fleas with 3 technical replicates. B) Feces collected
from exposed fleas were assessed for rickettsial enumeration by qPCR and standardized
to 1mg of feces. C) Fleas were exposed, independently, to R. felis WT- (black) or R. felis
sca1::tn-infected bloodmeals (teal) at an infectious dose of 5x1010 rickettsiae/ml for 48
hours. Data are representative of mean ± SEM from two experiments for a total of 20
fleas with 3 technical replicates. D) Rickettsial loads per 1mg of feces collected from
fleas exposed to a high dose of rickettsiae. Significance was assessed at a 95%
confidence interval (* p<0.05; ** p<0.01) by two-way analysis of variance with
Bonferroni’s multiple-comparison test to assess variation in the means from wild-type
over time. Rickettsial DNA was assessed by qPCR weekly over a 28-day period in
individual fleas.
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7 dpe

R. felis sca1::tn

R. felis WT

2 dpe

Figure 18. Rickettsial detection within flea salivary glands. Fleas were exposed to a R.
felis WT- or R. felis sca1::tn-infected bloodmeal for 48 hours, in which female salivary
glands were micro dissected at 2 dpe and 7 dpe. Samples were stained for rickettsiae
(green), nuclei (blue), and Evans blue (red) for R. felis WT (top panels) and R. felis
sca1::tn (bottom panels). White arrows indicate rickettsiae. Scale bar = 100 µm
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Figure 19. Rickettsial dissemination within fleas. Fleas were exposed to a R. felis WT- or
R. felis sca1::tn-infected bloodmeal for 48 hours and stained for rickettsiae (green),
nuclei (blue), and Evans blue (red) at 7 dpe (left panels) and 28 dpe (right panels). Images
are representative of whole female fleas exposed to R. felis WT (top panels) and R. felis
sca1::tn (middle panels). White arrows indicate rickettsiae. An uninfected flea (bottom
left panel) and control lacking primary antibody (bottom right panel) served as negative
controls. MG: midgut, PV: proventriculus, OV: ovaries. Scale bar = 100 µm
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Additionally, rickettsial DNA was identified in the skin of two R. felis WTexposed mice and a single R. felis sca1::tn-exposed mouse (Table 6.). Confirmation of R.
felis in the mouse skin was further validated by Sanger sequencing of PCR-amplified R.
felis ompB. Although comparable prevalence of infected donor fleas (77% and 80%) for
R. felis WT and R. felis sca1::tn, respectively, was observed, rickettsial loads were
significantly lower in the R. felis sca1::tn-exposed fleas (Table 6.). Thus, the data
suggests that the R. felis sca1:tn mutant has a decreased capacity to infect fleas,
ultimately lowering its transmission potential.

Figure 20. Experimental design for flea cofeeding bioassay. Fleas were exposed to a R.
felis WT- or R. felis sca1::tn-infected bloodmeal for 48 hours. At 5 dpe,10 donor
(circled) and 10 recipient (yellow) fleas were allowed to feed on a murine host for 12hour increments, totaling 36 hours. Post-feeding, fleas were individually assessed for
rickettsiae by qPCR.
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Table 6. Rickettsial transmission between cofeeding fleas.

R. felis WT

1.93x107 (± 1.86x107)

23/30 (77)

6/30 (20)

Positive
skin
samples
2/3

R. felis sca1::tn

2.10x103 (± 6.08x102)

24/30 (80)

3/30 (10)

1/3

Species

Mean infection loads Donor prevalence Recipient prevalence
(± SEM)
(%)
(%)

4.4 Discussion
The genetic manipulation of rickettsiae has historically been hampered by the lack
of efficient genetic tools. The advent of transposon mutagenesis has allowed for the
discovery of rickettsial-specific virulence factors. Phenotypes observed during in vitro
culture have elucidated functionality [40,41,45,109,131] or their crucial involvement in
causing disease in vivo [40,131,199]. Although informative, these studies have primarily
occurred in tick-associated SFG Rickettsia. However, distinct genetic and biological
differences between tick- and insect-borne rickettsiae exist (reviewed in [120,200,201]);
therefore, the role of these molecules cannot be generalized across the entire Rickettsia
genus. Moreover, most molecules have been characterized in a mammalian host
background, leaving rickettsial biology during arthropod infection comparatively
understudied. Our results demonstrate the use of transposon mutagenesis of an insectborne rickettsiae, R. felis, to characterize a mutant phenotype in a biologically relevant
flea model.
Transposon mutants have provided a platform to study the role of virulence
factors during infection in numerous bacterial species, including Rickettsia spp.
[41,110,202]. As sequencing revealed, the Himar1 transposon had inserted near the 3’
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end of sca1. Validation of a clonal, isogenic mutant led to examination of the insertional
effects of the transposon in the mutant. In R. felis sca1::tn, reduction of sca1 transcript
levels were observed both upstream and downstream of the insertion site, suggesting
altered mRNA synthesis of the region necessary for translation of the β-peptide domain
of the Sca1 protein.
As the Scas belong to a class of immunodominant Omps that are known to be
involved in recognition of and attachment to host cells [123,124,129,134], they are highly
conserved among Rickettsia spp., with 5 sca genes encoded in most rickettsial genomes
[119,203]. Scas are characterized as type-V secretion systems, or autotransporters, which
is defined by the presence of (1) an N-terminal signal sequence; (2) a central passenger
domain; (3) a C-terminal β-peptide domain [118,119]. As Gram-negative bacteria, the
rickettsial membrane consists of an inner membrane (IM), periplasmic space (PP), and
outer membrane (OM). Thus, to achieve implantation into the OM, proteins must be
secreted across the IM. In bacterial species, such as Escherichia coli, the structural
integrity of the β-peptide domain is essential in the recognition process during
translocation and OM anchoring (reviewed in [119]). The observation of several Scas
anchored to the surface of rickettsiae [40,45,123] indicates the essential proteins are
present to achieve translocation from the cytosol to the OM. Importantly, the β-peptide
domain of another dominant Omp has been associated with cell surface expression and
direct host interactions [135]. However, to study the exact function of the β-peptide
domain and its role in translocation of the Sca1 peptide to the surface of R. felis, the R.
felis sca1::tn mutant will require further investigation at the protein level. Protein
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expression was not examined in the current study due to the lack of an available antibody
specific to R. felis Sca1.
Transposons are known to have polar effects on the expression of neighboring
genes [111,114]. To determine whether this occurred in R. felis sca1::tn, transcripts from
three genes downstream of sca1 were analyzed. The mutant exhibited a loss of gene
expression for RF_0023 when compared to R. felis WT. However, genes RF_0024 and
RF_0025 were undetectable by RT-PCR in either R. felis WT or R. felis sca1::tn during
tick cell culture. The results suggest that while RF_0024 and RF_0025 may not be
expressed by R. felis during tick cell infection, the introduction of the transposon in the
mutant induced polar effects on an adjacent gene. Due to the lack of comprehensive gene
annotation, the influence of RF_0023 on the R. felis sca1::tn mutant’s phenotype during
infection cannot be stated. However, the ability of the R. felis sca1::tn mutant to infect
cells under these experimental conditions suggests that the gene is dispensable for tick
cell infection. Future studies detailing transcript activity during R. felis infection in
arthropod cells would provide additional insight into currently uncharacterized genes.
While annotated in all validated Rickettsia spp., little is known of the functional
role of Sca1 during infection and transmission. Using a non-phagocytic mammalian cell
model, pretreatment with Sca1 antibodies reduced the attachment efficiency of R. conorii
to host cells [123]. In the current study, the R. felis sca1::tn mutant also portrayed a
limitation in the ability to attach to tick cells, suggesting a universal role of Sca1 across
both vertebrate and arthropod hosts. Genetic mutagenesis of Rickettsia spp. has revealed
unique phenotypes during in vitro culture; yet, these mutants remain competent in overall
growth when compared to wild-type strains [40,45,109,204,205]. In this study, the R.
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felis sca1::tn mutant exhibited enhanced growth in tick cells compared to R. felis WT.
The phenotype is consistent with tick-borne SFG Rickettsia, R. parkeri sca2::tn and R.
parkeri rickA::tn, where similar phenotypes were observed during in vitro culture.
Although essential in the ability to polymerize host cell actin during early and late stages
of infection to promote spread for SFG Rickettsia, overall growth kinetics were
augmented compared to R. parkeri WT [45]. As multiple rickettsial factors have
recognized involvement in attachment to and invasion of host cells, compensation of
rickettsial elements necessary for survival are likely present.
Due to the fast intermittent feeding biology of fleas, the initiation of bloodmeal
digestion can occur as early as 6 hours post-feeding [51]. Additionally, the digestive
process occurs within the midgut lumen and fleas are armed with the capacity to elicit an
immune response to invading pathogens (reviewed in [200]). Thus, to avoid rapid
excrement and detection by immune mechanisms, flea-borne rickettsiae must quickly
attach to and invade midgut epithelial cells. However, the factors facilitating rickettsial
colonization in fleas remains chiefly undefined. In its biological vector, the R. felis
sca1::tn mutant’s growth was significantly reduced compared to R. felis WT, suggesting
its inadequacy to colonize the flea at early stages of infection (e.g., host cell attachment
or evasion of the flea's immune response). It has been shown that fleas mount a
transcriptional response against invading R. typhi during midgut infection [86,87] and R.
felis during salivary gland infection [92]. However, the rickettsial-specific molecules
involved in evading the arthropod’s natural immunity remain to be elucidated.
Additionally, while protein expression of the 5 of most prevalent Scas in R. typhi
revealed differential expression between vertebrate and vector hosts, R. typhi Sca1 was
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not shown to be expressed during flea infection [128]. Differences in the observed
phenotype of the current study may be due to Rickettsia sp. examined, R. typhi versus R.
felis. More likely, the examination in the current study has identified a temporal necessity
for sca1 during flea infection. Temporal expression of pathogen determinants has been
identified for other vector-borne pathogens, such as B. burgdorferi and Y. pestis
(reviewed in [189,206]). If Sca1 is implicated in the recognition of and adherence to host
cells, then expression may be below the limit of detection at later stages of flea infection.
Thus, a temporal assessment of rickettsial Sca expression profiles during flea infection is
warranted to gain a thorough understanding of the factors essential for colonization,
replication, and transmission.
Other insect-borne, TG Rickettsia, such as R. typhi and R. prowazekii, are known
to colonize the insect’s midgut epithelium in which exponential growth causes host cell
lysis, subsequently releasing rickettsiae back into the midgut lumen [18,171,173].
Extracellular rickettsiae are then excreted into insect feces, which is a primary
mechanism of horizontal transmission to vertebrate hosts. The detection of R. felis WT in
flea feces throughout the 28-day time course indicates a potential transmission
mechanism [183]. In the current study, the inability of the R. felis sca1::tn mutant to be
detected in flea feces at any timepoint may be a reflection of rickettsial load. Thus, if
rickettsial loads within the flea correlate with detection within feces, a defect in sca1 may
prevent the prerequisite steps essential for fecal transmission of insect-borne rickettsiae.
Although R. felis sca1::tn illustrated a reduction in rickettsial load during flea
infection compared to R. felis WT, it persisted within the flea population throughout the
28-day time course of this study, which is representative of the average adult flea
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lifespan. Detection of R. felis within salivary glands as early as 1 dpe is known [92].
Comparatively, R. felis sca1::tn was observed in flea salivary glands, suggesting its
ability to disseminate to other flea tissues was not fully impaired. Cofeeding bioassays
determined that R. felis sca1::tn can be transmitted by fleas. However, a decreased
transmission phenotype, to both cofeeding fleas and the vertebrate host, was observed for
R. felis sca1::tn compared to R. felis WT. Similar to the observations for fecal
transmission, rickettsial load in infected donor fleas likely influences transmission
efficiency.
Recent advances in rickettsial genetics have provided several mutants of SFG
Rickettsia. Yet, limited insect-associated rickettsial mutants have been developed
[42,205,207]. To fully understand the complex biology of these obligate intracellular
bacteria, the interplay of rickettsial factors during lifestyle changes between both
mammalian and vector hosts must be examined. In the current study, transposon
mutagenesis was employed to obtain randomized insertions with the R. felis genome,
providing new resources to elucidate the function of rickettsial molecules involved in
host infection. A clonal R. felis mutant with an insertion in the sca1 gene was further
examined to identify novel phenotypes associated with culture conditions and flea
infection. Cell culture revealed an enhanced growth phenotype, yet dissemination was
limited compared to the wild-type strain. Interestingly, a reduced rickettsial load
observed in the flea vector exposed to R. felis sca1::tn correlated with decreased
transmission potential. While several factors can contribute to the differences observed,
the data suggest that R. felis sca1 is associated with early infection of the vector and
efficient transmission. Future studies utilizing complementation techniques and
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molecular reagents specific to R. felis Sca1 will facilitate full elucidation of its
role in transmission by the vector. Application of the biological system presented within
will facilitate the elucidation of rickettsial-derived determinants associated with
successful insect transmission to explore downstream intervention strategies for vectorborne rickettsial pathogens.
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CHAPTER V
CAT FLEA COINFECTION WITH R. FELIS AND R. TYPHI

5.1 Introduction
Rickettsial diseases, which are spread by blood-feeding arthropods, are both
historically and currently important diseases affecting human health worldwide. In the
United States, flea-borne rickettsioses, collectively caused by R. typhi (murine typhus)
and R. felis (FBSF), have become a major public health concern in California, Texas, and
Hawaii, where they have reemerged as endemic febrile illnesses [142,144,148,181].
Cases have more than doubled in the last decade in southern California and Texas alone
[1,180,181] where it is a reportable disease by the public health department
[140,142,208]. Importantly, the cosmopolitan distribution in endemic areas is perpetuated
by the biology of the transmitting vector, the cat flea. Cat fleas are known to harbor
several pathogens (e.g., R. felis, R. typhi, and B. henselae) and are the most prevalent flea
species found on peri-domestic animals [145,153]. Having low host specificity, an
intermittent feeding biology, and ubiquitous geographic range, fleas provide an enhanced
opportunity for pathogen dispersal.
Multiple factors influence the spread of vector-borne diseases, including host
susceptibility to infection, vectorial capacity, environment, climate, and most
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importantly, the intricate interactions between pathogens, arthropod vectors, and
vertebrate hosts. Within vector populations, coinfections with multiple pathogens are
known to occur and have the potential to alter disease epidemiology. Consequences of
coinfections can result in antagonistic, mutualistic, or synergistic interactions between
organisms [101,175,176,179]. For example, the relationship governing tick-borne
rickettsial coinfections suggests a primary infection excludes transovarial transmission of
a secondarily acquired organism from infected females to an egg clutch [103,104].
Interestingly, this phenomenon occurs independently from the ability of a pathogen to be
horizontally transmitted to vertebrate hosts [103]. For flea-borne rickettsiae, R. felisinfected fleas acquire R. typhi at a lower prevalence, suggesting an antagonistic
relationship may exist [107]. However, interpretations of the impact of coinfection on the
epidemiology of vector-borne diseases is highly stringent on laboratory settings, bacterial
strains, and vector species used [101]. As carriage of multiple rickettsial agents by fleas is
known to occur in nature [102,209], the influence of the temporal effects of flea-borne
rickettsial interactions is not well understood.
Historically, R. typhi was strictly associated with transmission between
commensal rats, Rattus spp., and rat fleas, X. cheopis [141,169]. Due to avid pest control,
cases of murine typhus were generally reduced. However, a resurgence of cases appeared
and remained endemic in the U.S. where a suburban cycle of transmission was unveiled
[139,140]. Currently, R. typhi transmission is associated with cat fleas and probable
reservoir hosts, such as opossums [148,164], bringing into question the etiological role of
another flea-borne rickettsiae, R. felis. While R. felis DNA and serological conversion has
been identified in peri-domestic animals [162-165], such as opossums and felines, the

78

agent has yet to be cultured from a naturally-infected vertebrate host. However, a recent
laboratory study examined the role of dogs as reservoirs for R. felis, where successful
isolation of the pathogen from the blood of canines exposed to R. felis-infected fleas
proposes an unexplored source of potential exposure in nature [162]. Although the
Rickettsia spp. are known to colonize their flea hosts for life without influencing host
viability [81,89,171,173], the epidemiology surrounding cases of flea-borne rickettsioses
is confounding as field studies seldomly report coinfections [102,209]. Therefore, it is
hypothesized that if rickettsial interactions influence pathogen persistence in flea
populations, then infection order will impact rickettsial maintenance by fleas. In the
current study, R. felis and R. typhi were coinfected using both an in vitro and biological
system to determine interaction phenotypes. While distinct growth profiles were observed
during in vitro culture, coinfection of single arthropod cells was observed. Similarly,
naïve fleas were able to acquire both Rickettsia spp. and sustain coinfection over a 2week observation period, suggesting fleas can in fact carry R. felis and R. typhi
concurrently. Combination of both an in vitro and flea infection bioassay provides a
multi-dimensional platform to examine the complex biology of sympatric rickettsiae.

5.2 Methods

5.2.1 Fleas, Rickettsia, and cell lines
Cat fleas were purchased from Elward II Laboratory (Soquel, CA) and maintained
using an artificial dog system [192]. Prior to use in each bioassay, a subset of fleas was
confirmed to be pathogen-specific free using qPCR protocols amplifying rickettsial ompB
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gene [92]. Rickettsial isolates, R. felis strain LSU passage 3 was maintained in ISE6
using modified L15B medium at 32°C with 5% CO2 [193] and R. typhi strain Wilmington
passage < 5 was maintained in Vero cells using DMEM medium supplemented with 5%
FBS at 34°C with 5% CO2. Rickettsial infection was monitored by Diff-Quik staining as
previously described [92,159,193].
5.2.2 In vitro coinfection assays
To enumerate rickettsiae during growth curve analyses, ISE6 cells were seeded
into 48-well plates at a density of 5x105 cells/well. For microscopy analyses of rickettsial
growth kinetics, ISE6 cells were seeded onto glass coverslips in 24-well plates at a
density of 8x105 cells/well. All plates were incubated at 32°C with 5% CO2 for 48 hours
prior to Rickettsia infection. For coinfections, each Rickettsia sp. was enumerated by
BacLight viability stain kit [197] to determine a multiplicity of infection (MOI) of 5
rickettsiae/cell. Coinfections consisted of simultaneous and sequential inoculation with
reciprocal primary infections. For sequential coinfections, partially purified primary
Rickettsia sp. was added to a monolayer of ISE6 cells and host cell contact was induced
by centrifugation at 300xg for 5 minutes. Plates were incubated for 1 hour at 32°C, after
which unbound bacteria were removed by pipetting and the secondary Rickettsia sp. was
added to the cells in the process. Growth curve analyses were initiated after removal of
unbound rickettsiae from the secondary inoculation. Whole well contents (intracellular
and extracellular rickettsiae) were collected beginning at 12 hours post-infection (hpi), 1-,
3-, 5-, and 7-days post-infection (dpi). Rickettsial growth was calculated as a change over
time determined by enumeration of genomic equivalents by a species-specific qPCR
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(Table 7). To compare the effects of coinfection on rickettsial growth kinetics, parallel
assays with single species alone infections were carried out.
5.2.3 Flea coinfection
For flea infection, both Rickettsia spp. were grown in ISE6 cells following the
described conditions above. To assess coinfection in the vector, cages were prepared with
~200 mixed-sex cat fleas were prefed heat-inactivated bovine blood (HemoStat
Laboratories) for 24 hours. Cat fleas were then starved for 6 hours prior to exposure to
the primary Rickettsia-infected bloodmeal at an infectious dose of 3x1010 rickettsiae/ml.
The primary infectious bloodmeal was supplemented with the fluorescent biomarker,
uranine O, at a concentration of 0.05mg/L, for 48 hours [159,210]. Post-feeding, fleas
were assessed under a fluorescent stereo microscope for the presence of uranine O. Only
fluorescent fleas were returned to the cage and maintained on defibrinated blood for the
remainder of the study. Five days following the removal of the primary infectious
bloodmeal, the primary flea cage was split into two cohorts (Figure 23). The first cohort
(~100 fleas) remained a control infection (primary Rickettsia sp. alone). The second
cohort (~100 fleas) was exposed to the secondary Rickettsia-infected bloodmeal
supplemented with the fluorescent biomarker, rhodamine B, at a concentration of
0.025mg/uL for 48 hours [160,210]. Fluorescence was assessed to confirm bloodmeal
acquisition. Reciprocal primary infections were completed in parallel. A subset of fleas (5
male and 5 female) was collected initially post-infectious bloodmeal and weekly
thereafter, along with flea feces, for subsequent gDNA extraction. Coinfections were
monitored weekly over a 2-week period. Rickettsial load and prevalence within

81

individual fleas and fecal samples was quantified using a species-specific qPCR assay
(Table 7). A total of 3 independent replicates (30 fleas per time point) were analyzed.
5.2.4 DNA extraction and qPCR
Fleas were surface sterilized [92] and homogenized using stainless steel beads in a
Bead Ruptor 96 (Omni International). To determine genome equivalents of rickettsiae,
gDNA from both fleas and cells was extracted using the DNeasy Blood and Tissue Kit
(Qiagen) following the manufacturer’s instructions. Rickettsial and host gene copies were
quantified by qPCR with the appropriate primers and probes (Table 7) using iTaq
Universal Probes Supermix (Bio-Rad) on a LightCycler 480 II (Roche Life Sciences).
Standard curves were generated by creating 10-fold serial dilutions of pCR4-TOPO
plasmids containing the R. felis ompB, R. typhi ompB, C. felis 18sRNA, or ISE6
calreticulin genes to quantify each target sequence. Amplification conditions were as
follows: an initial denaturation step at 95°C for 3 min, followed by 45 cycles of
denaturation at 95°C for 15s, annealing and elongation at 60°C for 60s with fluorescence
acquisition in single mode.
5.2.5 Immunofluorescence
Cells grown on coverslips were fixed using 4% paraformaldehyde, permeabilized
using 0.5% Triton-X100, and blocked with 3% BSA for 1 hour. A polyclonal rabbit antiRickettsia I1789 antibody (provided by Ted Hackstadt; National Institutes of Health’s
Rocky Mountain Laboratories) diluted 1:1000 was used to probe for R. felis and specific
detection of R. typhi was achieved by using a monoclonal mouse antibody directed
against R. typhi OmpB (provided by Lee Fuller; Fuller labs) at a dilution of 1:2000.
Antibodies were detected using conjugated secondary antibodies, Alexa Fluor 488 goat
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anti-rabbit (Invitrogen, A11008; 1:1000 dilution) and Alexa Fluor 594 goat anti-mouse
(Invitrogen, A11005; 1:1000 dilution). Host cell actin was stained using Alexa Fluor Plus
647 Phalloidin (Invitrogen, A30107; 1:1000 dilution). Coverslips were mounted with
VECTASHEILDⓇ Hard Set™ antifade mounting medium with DAPI (4’,6-diamidino-2phenylindole) (Vector Laboratories Inc.) for nuclear staining. Samples were visualized
using a Nikon A1 microscope (S10RR027535).
5.2.6 Statistical analyses
To compare growth kinetics during coinfection to single infections alone a twoway analysis of variance (ANOVA) was performed with a Dunnett’s multiple
comparisons test. For assessment of rickettsial growth between species during in vitro
infection, a Mann-Whitney U test was performed. Due to the highly non-normal
distribution of means for coinfected fleas, a randomization test was applied. To determine
whether the mean distribution varied between coinfection and single infection alone,
1000 permutations were performed for each analysis. A p value ≤ 0.05 was considered
statistically significant. All statistical analyses were performed using Prism 8 software
(GraphPad Software Version 9.3.1).
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Table 7. Chapter V primers and probes for species-specific qPCR.
Oligo name: primer set
Sequence
(5' - 3'); probe (5' - 3')
Rt557F
TGGTATTACTGCTCAACAAGCT
Rt678R

CAGTAAAGTCTATTGATCCTACACC

Rt4446_4476.Cy5

Cy5/TAATAGCAGCACCAGCATTAACTTTTGAAAC

Rfel.OmpB.FOR

TAATTTTAACGGAACAGACGGT

Rfel.OmpB.REV

GCCTAAACTTCCTGTAACATTAAAG

Citation
[211]
This study

[198]

Rfel.OmpB.HEX/FAM HEX/ or FAM/TGCTGCTGGTGGCGGTGC
18srRNA.FOR

GAGTTCCGACCAGAGATGGA

18srRNA.REV

CGCAGAAACTACCATCGACA

18srRNA.FAM

FAM/TGCCTTGCTCACCGTTTGACTTGGTG

Ise6.cal.FOR

AGCAGGGAACTTTCAAGCTG

Ise6.cal.REV

AGAAAGGCTCGAACTTGGTG

Ise6.cal.HEX

HEX/AGACCTCTGAAGATGCCCGCTTT

This study

[46]

5.3 Results

5.3.1 Infection of arthropod cells reveals distinct growth kinetics.
Pathogenic rickettsiae are understood to convey enhanced growth and
paradoxically smaller genomes compared to less pathogenic or rickettsial endosymbionts
as an attribute of virulence [212]. To examine this phenotype in vitro, tick cells, which
served as a surrogate arthropod infection model, were exposed to rickettsiae and growth
kinetics were monitored over a 7-day period. Indeed, R. typhi was able to infect a tickderived cell line. Comparatively, R. typhi displayed a shortened lag phase and reached
stationary phase at a faster rate than R. felis under the conditions examined (Figure 21A).
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5.3.2 R. typhi growth negatively impacts R. felis.
Along with simultaneous infection, coinfections were also performed with
reciprocal primary Rickettsia sp., to determine if there was an advantage in inducing cell
attachment first. Growth curves during each coinfection experiment were compared to
single species infections to determine the effect of the presence of the other Rickettsia sp.
on normal growth kinetics. In all coinfection scenarios, R. felis exhibited significant
limitations in its ability to a reach an equivalent exponential growth phase compared to
the single infection phenotype (Figure 21B). Conversely, R. typhi growth appeared to be
unaffected by the presence of R. felis during infection (Figure 21C). The data suggests
that although the mechanisms remain unknown, the accelerated growth of R. typhi may
subsequently limit R. felis growth.
5.3.3 Flea-borne rickettsiae can coexist within the same cell.
Immunofluorescent detection at the species-specific level is proven to be
challenging for Rickettsiales. However, the use of a monoclonal antibody generated
against R. typhi allowed for its distinction from that of R. felis (Figure 22; top panel). To
determine if flea-borne rickettsiae can infect and occupy the same arthropod cell, tick
cells were serially and simultaneously coinfected. At early timepoints of coinfection, both
Rickettsia spp. were detected in individual cells in all experimental conditions (Figure
22B). Conversely, later infection kinetics skewed host cell preference in favor of R. typhi,
supporting the qPCR data. This data suggests, that under the conditions examined, R. felis
and R. typhi can coexist, but R. typhi demonstrates enhanced growth when compared to
R. felis.
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Figure 21. In vitro coinfection growth kinetics. ISE6 cells were infected at an MOI of 5
rickettsiae/cell. Whole well contents were collected beginning at 12 hpi, and every other
day thereafter for 1 week. A) Representative growth curve kinetics of R. felis (orange)
and R. typhi (blue) during single infections. Mann-Whitney U test was performed to
determine significance between the rickettsial loads at a given timepoint. B) Growth of R.
felis during coinfection compared to single infection alone (superimposed line graph). C)
R. typhi growth during coinfections compared to single infection alone (superimposed
line graph). All data is normalized to input bacteria at 1-hour post-coinfection. Data are
representative of mean ± SEM from two experiments, each with 3 technical replicates.
Significance was assessed at a 95% confidence interval (* p<0.05; ** p<0.01; ***
p<0.001) by two-way analysis of variance with Dunnett’s multiple-comparison test to
assess variation in the means during coinfection compared to the control infection of the
same species over time. Two-way ANOVA was performed on log-transformed data for
R. felis infection.
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Figure 22. Immunofluorescence images of ISE6 coinfection at 24 hpi. A) Fluorescent microscopy representing antibody specificity
of anti-Rickettsia (panel 2) and anti-R. typhi (panel 3) antibodies during single species infection. B) Coinfection images of R. felis
(green) and R. typhi (red), host cell nuclei (blue), and actin (magenta). Circles represent coinfected cells. Scale bar = 10 µm.

5.3.4 Naïve fleas can acquire multiple flea-borne rickettsiae.
Artificial host systems have been effective in generating Rickettsia-infected
cohorts of fleas [30,86,87,147,159,160,166,168,173,183]. To determine the ability of
naïve fleas to acquire both R. felis and R. typhi, fleas were exposed to sequential
Rickettsia-infected bloodmeals. Sequential coinfections were performed where the
primary Rickettsia sp. was allowed to establish an infection for 7 days within the flea.
Those exposed fleas were split into two cohorts, where one remained the control (single
species infection alone) and the second cohort was exposed to the other Rickettsia sp. in
an identical manner (Figure 23). Reciprocal coinfections were performed in parallel to
determine if a priority effect upon pathogen acquisition was observed. Coinfections were
monitored over a 2-week period where fleas were collected weekly for rickettsial
enumeration via qPCR using a species-specific assay. Prevalence of R. felis-infected fleas
during control infections remained relatively high and did not appear to be altered during
subsequent coinfection with R. typhi (Figure 24A-C). Conversely, R. typhi prevalence
exhibited progressive infection rates during single infections (Figure 24D-F). The data
suggests that while variation in the percent of Rickettsia-infected fleas was observed, flea
cohorts can harbor coinfection independent of the primary infection.
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Figure 23. Experimental design for flea coinfections. Primary Rickettsia-infected
bloodmeals (green box) were supplemented with the fluorescent biomarker, uranine O,
and fleas are allowed continuous access for 48 hours. Fleas were maintained on
uninfected defibrinated blood until 7 dpe, in which one subset of fleas were exposed to a
secondary Rickettsia-infected bloodmeal (purple box) that was alternatively
supplemented with RhoB. The second subset of fleas were maintained on uninfected
blood for the remainder of the study and were used as a control infection for that
Rickettsia sp. Individual fleas (asterisks) and flea feces were collected weekly.
5.3.5 R. felis and R. typhi exhibit differential loads during flea infection.
While distinct growth phenotypes are known for Rickettsia spp. observed in
mammalian backgrounds or tissue culture (reviewed in [120]), direct comparison of
kinetics during flea infection is limited. Unique phenotypes for these flea-borne
rickettsiae were observed for single species infection kinetics. Increasing rickettsial loads
were observed for R. felis over the 3-week infection period, while R. typhi presented a
more dynamic infection cycle with waning rickettsial loads after 9 dpe (Figure 25A). The
data suggests that R. felis may be able to replicate to higher degrees than R. typhi in fleas.
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Figure 24. Percent of Rickettsia-infected fleas during coinfection. Fleas were exposed to
sequential Rickettsia-infected bloodmeals. Individual fleas were assessed for the presence
of rickettsiae by a species-specific qPCR assay. Fleas exposed to R. felis as the primary
infection (A, B, C) or R. typhi (D, E, F) were designated as uninfected (grey), singly
infected with R. felis (orange) or R. typhi (blue), or coinfected (striped pattern). Bars on
the left indicate single infections as a control comparison with bars on the right
representative of coinfection at 2, 7, and 14-days post-coinfection.
To analyze the effects of coinfection on the growth kinetics of each Rickettsia sp.
during flea infection, rickettsiae were enumerated by qPCR and compared to single
infections. Due to the highly non-normal distribution of the samples, significance was
assessed by two independent measures. First, to account for such variability, a
randomization test [213] was performed where 1000 permutations were carried out to
determine if the measurements rejected the null hypothesis of belonging to the same
distribution. Coinfection led to significant fold-change differences in rickettsial loads
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during the period examined (Figure 25B). In the presence of R. felis, R. typhi loads were
considerably increased at the time of acquisition. Additionally, if R. typhi was in the
primary bloodmeal, loads were also significantly enhanced 7 days following R. felis
infection. Although not significant, R. felis appears to be adversely affected by the
acquisition of R. typhi early during infection. As a comparison of statistical analyses, the
randomization test was a more conservative measure of significance as no assumptions
were applied to the distribution of the data (Figure 25C). Nonetheless, the data suggests
that R. felis may provide a benefit to acquisition and colonization of R. typhi in the flea,
which causes a minimal adverse effect on an established R. felis infection.
Insect-borne rickettsiae utilize infectious feces as a primary mechanism of
transmission to vertebrate hosts [200]. To gain insight into this mechanism as a potential
source of transmission, flea feces were collected weekly to assess rickettsial burden.
Single species infections exhibited an increase in rickettsial loads over the 3-week period
of infection (Figure 26A). During coinfection, both species exhibited an increase in
excreted rickettsiae over time compared to single infection (Figure 26B). Taken together,
the data suggest fleas can harbor two species of Rickettsia with coinfection influencing
both rickettsial load and excretion in flea feces.
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Figure 25. Infection kinetics of Rickettsia-infected fleas. A) Fleas were exposed to each
Rickettsia sp. independently at an infectious dose of 3x1010 rickettsiae/ml for 48 hours.
Individual fleas were collected weekly over a 21-day period for enumeration of
rickettsiae via qPCR. Data represent infection kinetics of R. felis (orange) and R. typhi
(blue) during single infections per individual flea. B) Change in rickettsial load during
coinfections was calculated as a fold-change difference from the single infection of that
same species at a given timepoint. Data were log2 transformed for graphical
representation. Significance was assessed at a 95% confidence interval (* p<0.05; ***
p<0.001) by the randomization test. C) Replicative image of B. showing differences in
statistical tests where a two-way analysis of variance with Dunnett’s multiple-comparison
test was used to assess variation in the mean difference from the control infection. Twoway ANOVA was performed on log-transformed data for R. typhi coinfection (* p<0.05;
** p<0.01; *** p<0.001) . All data are representative of the mean ± SEM from three
experiments for a total of 30 fleas with 3 technical replicates.
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Figure 26. Rickettsial loads in flea feces. Feces collected from exposed fleas were
assessed for rickettsial enumeration by qPCR. Data are representative of 3 experimental
replicates standardized to 1 mg of feces. A) Rickettsial loads in flea feces of R. typhi
(blue) and R. felis (orange) during control infections. B) Change in rickettsial load during
coinfection was calculated by comparison to singly infected feces of the same species at a
given timepoint. Significance was assessed at a 95% confidence interval (* p<0.05; **
p<0.01) by two-way analysis of variance with Dunnett’s multiple-comparison test to
assess variation in the means from the control infection.
5.4 Discussion
The epidemiology revolving around the reemergence of flea-borne rickettsioses in
the U.S. is complicated by the circulation of several closely related flea-borne Rickettsia
spp., such as R. typhi, R. felis, and RFLOs [102,137,209,214-217]. The sympatric
distribution of rickettsiae has diagnostic implications, such as high serological crossreactivity, which requires species-specific molecular assays to discern between the
appropriate etiological agent. Overlapping peri-domestic transmission cycles, where the
cat flea remains a highly prevalent and successful vector of these Rickettsia spp., presents
a likely scenario for vector interaction to occur. Due to most field studies compiling
pooled flea sample data to assess rickettsial prevalence, appropriate detection of
coinfection remains difficult. However, flea coinfection has been tested under laboratory
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conditions [107] and low detection rates have been observed in small scaled studies
performed in these endemic areas [102,209] proving coinfection can, in fact, exist.
Moreover, the increasing evidence of R. felis and RFLOs associated with vertebrate
infections [137,154,164,218-220], warrants further investigation of the true etiological
agent to determine why cases of flea-borne rickettsioses are on the rise. Thus, the goal of
this study was to analyze the contribution of rickettsial interactions during flea infection
on transmission to better understand the epidemiology of flea-borne rickettsioses. In the
current study, the interaction of R. felis and R. typhi was assessed utilizing both an in
vitro and flea coinfection model.
While the lack of a currently available flea cell line limits the ability to directly
assess flea-borne rickettsial mechanisms of infection, arthropod cell lines, such as tickderived cells, have successfully facilitated the study of Rickettsiales biology
[113,115,221,222]. Nonetheless, R. felis str LSU was originally isolated in Ixodes
scapularis-derived, ISE6 cells [157,193], and has since been cultivated in other arthropod
cell lines, including Aedes albopictus C6/36 and Drosophila S2 cells [223,224]. Due to
preferential hosts, R. typhi is primarily grown in vertebrate cell lines, such as Vero,
macrophages, and L929 cells [191,225-227]. Herein, R. typhi was successfully grown in
tick-derived cells with comparative infection kinetics observed during vertebrate cell
culture [228,229]. Specifically, R. typhi reached a peak exponential growth phase around
3-5 dpi. For R. felis, a lag in growth lasting around 3 days was observed, corroborated by
studies in other arthropod cell lines [223,224] where high infection densities require
several days to achieve.
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During coinfection, R. felis growth was significantly limited by the presence of R.
typhi beginning at 5 dpi, suggesting that the perpetuated growth of R. typhi compared to
R. felis at 3 dpi adversely influenced R. felis success. As noted by others, tick-borne
bacterial interactions describe competition between more closely related species
[230,231]. While R. felis and R. typhi were observed in single tick cells, suggesting
coexistence, long-term persistence was not assessed. Due to the significant differences in
growth, additional studies are required, such as the establishment of a primary rickettsial
infection, which can result in a more robust phenotype by accounting for growth
differences [230,232]. Future studies must assess metabolomic, transcriptional, and
viability profiles during single-cell coinfection to untangle the intricate interactions that
may be occurring at the cellular level and their effect on overall growth.
Flea-borne rickettsiae are known to undergo multiple routes of transmission,
including both horizontal (inoculation of infectious feces or salivary secretions to
vertebrates) and vertical (to flea progeny) [200]. Additionally, R. felis and R. typhi are
known to establish life-long infections in their vector hosts without adversely impacting
viability or fecundity [81,89,171,173]. During R. felis exposure, rickettsiae can be
detected throughout the body cavity of the flea and disseminate to other tissues, likely
establishing alternative bacterial replicative niches [166]. Congruent with previous
studies, R. felis infection kinetics observed in this study modeled continued replication
within its flea host over the 3-week observation period [160,166,183,233]. While
centralized to the digestive tract of fleas, as R. typhi reaches exponentially high levels of
infection, midgut epithelial cell lysis subsequently occurs facilitating excretion within
flea feces [141,172]. In this study, R. typhi infection depicted a dynamic profile where
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rickettsial loads decreased at 9 dpe. Supported by high levels of R. typhi detected in flea
feces, the data suggests that the cyclic nature of infection observed in this study mirror
the induction of epithelial cell lysis [141]. However, rickettsial factors contributing to
these different phenotypes during vector infection require further investigation.
Vector coinfections are known to influence disease epidemiology. While
interactions between rickettsiae have been examined, primarily in the context of SFG
Rickettsia, much is left to explore in the field of insect biology. To examine the ability of
naïve fleas to acquire and maintain R. typhi and R. felis, a coinfection bioassay was
employed. During sequential exposure to Rickettsia-infected bloodmeals, fleas were able
to obtain both Rickettsia spp. and maintain coinfection over a 2-week period. Independent
of the primary exposure, R. typhi loads were enhanced during coinfection compared to
single infection alone. As a primary infection, R. felis was negatively influenced by the
acquisition of R. typhi, suggesting potential antagonism in the midgut microenvironment.
However, after a 2-week coinfection period, R. felis and R. typhi both benefited by the
presence of the other, suggesting fleas are permissive to higher rickettsial burden during
coinfection, presenting a unique biology that requires further examination. Interestingly,
while rickettsial loads within the flea population were alternatively influenced by
coinfection, both R. felis and R. typhi loads in flea feces were enriched across the
coinfection scenarios, suggesting an enhanced transmission potential. Transmission
studies involving vertebrate hosts are necessary to fully assess the impact of higher
rickettsial loads in fleas and feces during coinfection.
The study presented herein provides novel insight into rickettsial interactions
within an arthropod environment. Coinfection of single cells and antagonistic growth
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phenotypes was observed during in vitro culture but requires further characterization of
the molecular interplay that occurs during dual infection. It was shown that fleas could be
infected with multiple Rickettsia spp., yet the implications on vertical and horizontal
transmission remain indefinable. The use of a R. felis-infected flea colony has been
assessed in the past to examine the relationship between R. felis and R. typhi during
vector infection [107]. The inefficiency of this flea population to feed on an artificial host
system, presents a limitation in controlling rickettsial dose. Yet, presents the opportunity
to employ a vertebrate host system to elucidate additional gaps surrounding the
epidemiology of flea-borne rickettsioses, such as vertical transmission. As previously
noted for SFG Rickettsia, vertical transmission interference was observed without
exclusion of horizontal transmission. Thus, the enhanced rickettsial loads observed in this
study during coinfection provide a platform to determine if horizontal transmission of
rickettsiae is perpetuated compared to single infections alone. Additional flea-borne
Rickettsia spp. detected within endemic areas in the U.S. (e.g., RFLOs) also require
further attention, as their role as potential human pathogens remains unknown. Thus, the
study presented here provides a useful combinational analyses of in vitro and flea
coinfection bioassays to model transmission events that will guide the understanding of
the current epidemiology of flea-borne rickettsial infections.
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CHAPTER VI
GENERAL SUMMARY AND DISCUSSION

The genus Rickettsia is comprised of obligate, intracellular bacteria that are
spread by hematophagous arthropods, such as ticks, lice, and fleas. The complexity of
rickettsial biology is perpetuated by the requirement of a host cell, which causes genetic
manipulation to be tedious and often inefficient. However, the advent of modified
transposase systems has vastly advanced the field. While several forward genetic screens
have provided a platform to study factors associated with tick-borne rickettsiae
[40,41,45,46,109,131,199], insect-borne rickettsial biology remains under investigated.
The study in Chapter IV utilized transposon mutagenesis to generate random
mutations within the R. felis genome for phenotypical screen of potential virulence
factors associated with vector infection and subsequent transmission. To ensure rigor and
reproducibility each experiment within was validated for clonality of the mutant
population. While transposons are known to cause polar effects on neighboring genes
[111,114,116], the functional role of a gene downstream of sca1 remains to be elucidated
in an arthropod background. More in-depth transcriptional or proteomic analyses during
R. felis infection is warranted to fully understand the mediating role of unknown or
hypothetical proteins that remain within the genome.
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Due to the current lack of a flea cell line, surrogate systems, such as tick cells,
must be employed, which are routinely used to cultivate R. felis [92,193]. Within this
model system, an augmented growth phenotype of R. felis sca1::tn was observed
compared to R. felis WT, suggesting alternative compensation mechanisms occur. The
observation corroborates with other studies in the field examining tick-borne rickettsial
mutants in various cell types [45,109]. To directly associate sca1 function with the
observed phenotype, complementation studies must be performed. Nonetheless, the
results describe the repertoire of molecules that rickettsiae possess and may implement
within various host backgrounds, as is known for other vector-borne pathogens [184190].
The observation of significantly lower R. felis sca1::tn loads in the flea vector
compared to that of R. felis WT shortly following the infectious bloodmeal, suggests at
least two possible outcomes caused by the transposon insertion: 1) decreased immune
evasion; or 2) inefficient attachment to midgut epithelial cells. Fleas are known to mount
an immune response during bloodmeal acquisition (reviewed in [200]). Rickettsiae have
been detected within lysosomal compartments during early infection, presumably as a
strategy developed by the host to control the level of invading rickettsiae [166]. Thus, it
can be proposed that rickettsiae are armed with the ability to circumvent the arthropod
host’s response to establish midgut infection and disseminate to other tissues thereafter.
In addition to intracellular microbial control induced by fleas, digestive compounds, such
as proteases and toxic heme, are released during digestion of the bloodmeal and remain
free within the midgut lumen, creating a typically harsh environment for rickettsiae
(reviewed in [200]). Yet, it is hypothesized that insect-borne rickettsiae have adapted to
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this environment as they have been observed within the lumen to facilitate fecal excretion
[172,234]. While additional molecular analyses (e.g., transcriptomics, proteomics, and
pulldowns) are needed to appropriately distinguish the underlying factors associated with
the phenotype observed for R. felis sca1::tn, the data suggests that the mutant is
significantly limited in its ability to initiate infection in the flea vector.
The diminished ability of the R. felis sca1::tn mutant to establish a substantial
midgut infection shortly after imbibement, subsequently limited its horizontal
transmission potential by way of excreted feces and flea feeding on a vertebrate host. It is
known for other flea-borne pathogens, such as R. typhi, that ingestion of only a few
rickettsiae is necessary to colonize its flea vector [235]. Although comparatively lower R.
felis sca1::tn loads were observed, infection was sustained over the course of an average
adult flea’s lifespan and dissemination to other flea tissues was observed. Furthermore, R.
felis sca1::tn transmission to a vertebrate host was observed. It is not unlikely that for the
R. felis sca1::tn mutant other rickettsial factors are able to mildly compensate during the
invasion process, mediating intracellular infection and dissemination to other tissues.
While observation of rickettsiae within reproductive tissues does not always correlate
with a detectable vertical transmission phenotype [166], the implication of R. felis
sca1::tn in other tissues was not examined in this study, but certainly opens an additional
avenue to explore. As flea-specific genetic editing techniques become more readily
available and the R. felis transformants detailed in this study become fully characterized,
potential candidates for intervention via an attenuated live vaccine or transmission
blocking mechanisms can be revealed.
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The spread of vector-borne pathogens is limited by the geographic host range of
their transmitting vectors, which is extrinsically influenced by host susceptibility and
environmental factors. A prime example, the resurgence of flea-borne rickettsioses cases
within endemic regions of the U.S. exemplifies ecological shifts driven by suburban
expansion [148]. Further investigation of the elements driving the eco-epidemiology of
these rickettsial diseases is warranted in hopes of elucidating factors potentiating future
epidemics. Coinfections are a complex, multifaceted biological phenomenon that are
known to occur for vector-borne pathogens. For Rickettsia spp., the central dogma of
coinfection revolves around tick-borne rickettsiae [101,103,104], leaving the interactions
of endemic flea-borne rickettsiae previously unexamined.
The study in Chapter V first aimed to examine the potential of both R. felis and R.
typhi to infect the same arthropod cell. With the use of monoclonal antibodies directed
against R. typhi OmpB and polyclonal antibody against R. felis, microscopy
differentiation could be achieved, providing novel descriptions during coinfection of
otherwise rarely serologically distinguishable rickettsial species. Coinfection was
observed at early timepoints (e.g., 12h and 24h), correlating with early growth phases for
both Rickettsia sp. However, upon R. typhi entering an exponential growth phase, R. felis
was quickly outcompeted for an intracellular niche; thus, influencing its growth potential.
While the specific mechanisms of coexistence and competition were not
examined in this study, it can be hypothesized that: 1) R. typhi utilized host cell
metabolites necessary for successful propagation of R. felis; 2) R. typhi infection induced
an immune response in host cells, restricting R. felis; or 3) R. typhi induced host cell lysis.
Pathogenic rickettsiae utilize similar niches, often relaying more direct competition
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during coinfection [230]. Differences in the ability of more virulent Rickettsia spp. to
manipulate the host’s immune response is known [40,232,236]. However, these
interactions are cell-type dependent and while we know ticks possess autophagy-related
genes [222], their contribution during infection, require further study. As a mechanism to
promote host cell spread, TG Rickettsia induce host cell lysis upon reaching high levels
of infection, as was observed at late stages of infection during this study. To compensate
for the lag in R. felis growth compared to R. typhi as a means of more directly assessing
single cell coinfections over time, coinfection with R. typhi should occur around 5 dpi, in
which R. felis has achieved an exponential growth phase. Comparable models in tickborne rickettsiae have shown that initiation of an intracellular niche by the primary
species drove distinct phenotypes during coinfection, compensating for differences in
growth patterns [230,232]. Furthermore, examination of the metabolic state of infected
cells and transcriptional profiles of both rickettsiae and the host would provide an
innovative aspect on coinfection interactions. Nonetheless, the results of this study
demonstrated that both R. typhi and R. felis maintain the ability to coexist within the same
arthropod cell, suggesting a fundamental mechanism of coinfection.
While R. felis and R. typhi coinfections are known to exist in fleas [102,107,209],
they are rarely detected in wild caught fleas. Previous studies have examined the potential
of interference between these two flea-borne Rickettsia spp. where flea populations
constitutively infected with R. felis acquired R. typhi at a lower prevalence, suggesting an
interference event may occur [107]. While it is known that constitutively infected
colonies occur in laboratory settings, R. felis prevalence is never 100% based on
epidemiological surveys [102,138,153,165,214], suggesting naïve fleas also exist. Thus,

102

the goal of this study was to assess the ability of naïve fleas to acquire and maintain
rickettsial coinfection.
During single species flea infection, unique growth kinetic phenotypes were
observed between R. felis and R. typhi, reflective of what is known of the dissemination
and transmission phenotypes of each Rickettsia sp. Specifically, R. felis exhibited a
steady increase in infection load over time. While R. felis loads are known to plateau at
late stages of infection (28 days) [183], rickettsiae are detected throughout the entire flea
body cavity and distal tissues [166], suggesting alternative replicative niches may exist
when compared to R. typhi. Contrastingly, R. typhi exhibited a more dynamic infection,
reaching a peak at 9 dpe during the time course examined in this study. Corroborating
with R. typhi flea infection from other studies [141,173,183], this observation is likely
due to R. typhi reaching a high degree of exponential growth within the midgut of
exposed fleas causing cell rupture and excretion in flea feces [172,173]. Importantly,
these distinct phenotypes present a unique platform to study the minute differences that
exist between flea-borne rickettsiae, as the precise mechanisms and how they facilitate
pathogen dispersal remains chiefly undefined.
While constitutively infected R. felis flea populations appear to be refractory to R.
typhi acquisition, naïve fleas could acquire both Rickettsia spp. and, importantly,
maintain coinfection over a 2-week period. Constitutively infected flea populations were
not used in this study due to their inefficiency of feeding on the artificial host unit [107];
therefore, limiting their potential to consume a R. typhi-infected bloodmeal. An artificial
feeding unit was utilized to control for comparable flea exposure to rickettsiae during
coinfection. However, additional studies implementing constitutively infected colonies
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during acquisition of R. typhi from a model rodent reservoir host would offer insight into
an ecologically relevant transmission cycle, complementing the results gathered within.
Not only were fleas able to acquire both Rickettsia spp., rickettsial loads in
exposed fleas and feces were altered during coinfection for both R. felis and R. typhi,
presenting a unique biology. While it is known fleas mount a transcriptional response to
invading R. typhi in the midgut [86,87] and R. felis in the salivary glands [92], studying
the flea’s response to coinfection may provide unique aspects facilitating infection and/or
controlling transmission. Using microscopy, both Rickettsia spp. have been detected in
lysosomal compartments during midgut infection, suggesting fleas possess the capacity to
restrict rickettsial colonization [166,172]. However, the increased rickettsial loads
observed during coinfection suggests fleas can succumb to higher levels of infection.
Understanding the ultrastructural changes at the cellular level that occur between single
and coinfected fleas would help decipher mechanisms contributing to vector competence
during polymicrobial infection.
It is known that R. typhi and R. felis require an EIP (9 dpe and 36 hours,
respectively) before viable rickettsiae can be detected in excreted feces [168,173]. The
detection of increased rickettsial loads within flea feces highlights another avenue
requiring further investigation. It can be hypothesized that as R. typhi levels were
exacerbated during coinfection, causing midgut cell lysis, subsequent release of R. felis
unintendedly occurred within feces. To appropriately determine the impact of augmented
rickettsial detection in flea feces during this study, fecal and feeding transmission models
will need to be employed. Analyzing the ability of naïve fleas to acquire and maintain
coinfection provides evidence that fleas can, in fact, harbor simultaneous infections with
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both Rickettsia spp. Yet, why coinfections are rarely detected in wild-caught fleas is a
major facet of flea-borne rickettsioses eco-epidemiology that remains elusive, suggesting
other aspects of rickettsial vector biology may play a larger role in nature (e.g., reservoir
hosts, vectorial capacity).
The dissertation research presented within describes the intricate, multifaceted
nature of vector infection. With the generation of R. felis genetic mutants, novel
rickettsial-specific factors associated with arthropod infection and subsequent
transmission were revealed. Unique phenotypes of R. felis sca1::tn warrant further
investigation into the specific mechanisms underlying its biology. Furthermore, arthropod
coinfections were modeled using an artificial host unit to expose naïve fleas to sequential
infectious bloodmeals. Fleas were able to acquire both pathogens and maintain
coinfection over a 2-week period where enhanced phenotypes were observed for both R.
felis and R. typhi. Taken together, the use of a biologically relevant arthropod model can
provide a platform to study the molecular drivers and rickettsial interactions governing
the eco-epidemiology of rickettsial diseases.
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Appendix B: Chapter 1: glossary

Antimicrobial peptides (AMPs): molecules that are secreted as an innate immune
response to an infection via IMD or Toll pathways. AMPs directly act against microbial
agents by causing membrane disruption, inhibition of membrane protein synthesis,
metabolism interference, or direct lysis. These molecules can include defensins, varisins,
lysozymes, lectins, and protease inhibitors.
Antioxidant enzymes: enzymes produced to decrease the effects of ROS, including
catalase, superoxide dismutases, and glutathione-S-transferase.
Bacteremic: refers to bacteria circulating within the blood of a vertebrate host that
arthropods could subsequently acquire during the imbibement of a blood meal.
Biological transmission: facilitating the replication and maintenance of a microbe, as
opposed to mechanical transmission, or the movement of microbes by contamination.
Co-feeding: refers to the simultaneous feeding of multiple vectors on a single host where
organisms are transferred from an infected vector to a naïve (uninfected) vector, often in
the absence of a systemic infection. This phenomenon contributes to pathogen spillover
when multiple arthropod species feed on the same vertebrate host in nature.
Constitutively infected: refers to arthropods naturally retaining an infection throughout
their life stages (e.g., the organism is vertically maintained throughout generations).
Defensive symbiosis: the ability of commensal microbes to protect the host from
subsequent microbe invasion by occupying niches or secreting antimicrobial factors.
Eco-epidemiology: a term used to describe both the ecological and disease aspects that
shape the spread of zoonotic pathogens.
Endosymbionts: vertically transmitted intracellular organisms that often portray an
intimate relationship with their host, affecting fitness, development, reproduction, or
immunity.
Fat body: a lipid-rich tissue distributed throughout the hemocoel of arthropods that is a
significant source of secreted AMPs, analogous to the liver in vertebrates.
Fecundity: the capacity to reproduce and achieve maximum reproductive output.
Hematophagous arthropod: refers to obligate blood-feeding invertebrates.
Hemocoel: the body cavity that surrounds all arthropod tissues.
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Hemocytes: cells that are considered part of the cell-mediated response in arthropods
responsible for direct microbe encapsulation, secretion of soluble factors, and transport of
essential nutrients to tissues, like macrophages in vertebrate systems.
Hemolymph: proteinaceous plasma filling the hemocoel facilitating the transport of
hemocytes and secreted factors, similar to that of blood in vertebrate hosts.
Hemosomes: iron-rich residual bodies that sequester heme during the digestion of
hemoglobin in ticks.
Horizontal transmission: refers to the transmission of an organism from one host to a
new, susceptible host.
Immune deficiency (IMD) pathway: NF-kB-like pathway in arthropods responsible for
secreting antimicrobial peptides against Gram-negative organisms.
Ixodid tick: refer to hard-bodied ticks.
Microbiome: consists of a community of symbiotic microorganisms that play an
essential role in the arthropod life cycle.
Melanization: a process involving hemocytes where the activation of prophenoloxidase
by serine proteases results in the formation of melanin, creating nodules around invading
microbes in the hemocoel, ultimately limiting their spread.
ML-domain proteins: secreted factors part of an arthropod's immune response that
recognize foreign lipids.
Nutritional symbiosis: the ability of commensal microbes to provide essential nutrients,
such as vitamins or cofactors, to their host.
Obligate intracellular bacteria: require host cell processes to reproduce.
Parthenogenic: a form of asexual reproduction where embryos can develop in the
absence of sperm fertilization.
Peritrophic matrix (PM): amorphous membrane that forms a distinct barrier between
the arthropod's blood meal and midgut epithelia. It is comprised mainly of chitin along
with a matrix of carbohydrates and proteins. The PM minimizes cellular injury by
protecting mucosal surfaces from abrasions or penetration from invading pathogens
during blood-feeding.
Peptidoglycan recognition proteins (PGRP): recognize peptidoglycan in the cell wall
of bacteria and are a recognition component activating the Toll and IMD pathway in
arthropods. PGRP is activated during rickettsial infection in both tick and insect hosts.
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Reservoir hosts: refers to a host that can harbor a pathogen, serving as a source of
infection.
Saliva-assisted transmission (SAT): influence of vector salivary secretions at the
arthropod-host interface involved in modulating host homeostasis by regulating innate
immune responses, blood coagulation, vasoconstriction, and inflammation.
Sialotranscriptome: analyses of an organism's salivary gland transcripts to determine
factors associated with infection or its biology.
Sympatric: refers to organisms that inhabit the same geographic region.
Toll pathway: pathway in arthropods responsible for secreting antimicrobial peptides
against Gram-positive organisms and fungi. Although Gram-negative, rickettsiae are
known activators of this pathway during arthropod infections.
Transstadial transmission: the sequential passage of an organism that is acquired
during one life stage and maintained through a molting period and to the next life stage.
Transovarial transmission: the passage of an organism from female to offspring via
infection of deposited eggs.
Vector competence: component of vectorial capacity that depends on vector biology,
extrinsic incubation periods, and host immune defenses, ultimately describing the ability
of a vector to harbor and transmit a specific organism.
Vectorial capacity: refers to a vector's ability to transmit a specific organism at a given
time, considering both abiotic and biotic factors.
Vertical transmission: the inheritance of an organism throughout a population. It can
refer to either transovarial or transstadial transmission.
Vitellogenin: molecule synthesized in the fat body, transported through the hemolymph,
and engulfed by oocytes of female invertebrates that undergo vitellogenesis. It is
responsible for enhancing yolk protein synthesis required for proper embryogenesis by
maturing oocytes.
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